Kennesaw State University

DigitalCommons@Kennesaw State University
Doctor of Education in Secondary Education
Dissertations

Department of Secondary and Middle Grades
Education

Fall 10-25-2017

The Effectiveness of Model-Based Instruction on
Student Achievement and Student Metacognition
in Advanced Chemistry Classes
Amanda Edwards

Follow this and additional works at: http://digitalcommons.kennesaw.edu/seceddoc_etd
Part of the Science and Mathematics Education Commons
Recommended Citation
Edwards, Amanda, "The Effectiveness of Model-Based Instruction on Student Achievement and Student Metacognition in Advanced
Chemistry Classes" (2017). Doctor of Education in Secondary Education Dissertations. 11.
http://digitalcommons.kennesaw.edu/seceddoc_etd/11

This Dissertation is brought to you for free and open access by the Department of Secondary and Middle Grades Education at
DigitalCommons@Kennesaw State University. It has been accepted for inclusion in Doctor of Education in Secondary Education Dissertations by an
authorized administrator of DigitalCommons@Kennesaw State University. For more information, please contact digitalcommons@kennesaw.edu.

The Effectiveness of Model-Based Instruction on Student Achievement and Student
Metacognition in Advanced Chemistry Classes

by
Amanda D. Edwards
Doctoral Candidate

A Dissertation
Presented to the Faculty of the Graduate School
October 25, 2017

Dr. Michelle Head, chairperson
Dr. Kimberly Cortes
Dr. Nita Paris

Kennesaw State University

i

ACKNOWLEDGEMENTS

This journey to completing this degree would not have been possible without my
dissertation committee. My sincerest thanks are given to my dissertation chair, Dr. Michelle
Head for her ability to always find the positive and to guide me, encourage me, and drag me
(when necessary) toward all that was needed to finish this work. I would like to express my
appreciation to Dr. Kimberly Cortes, especially for her help with the quantitative analyses of my
data. Your input was invaluable. Additionally, thank you to Dr. Nita Paris for renewing my
passion for teaching and learning, for serving as a mentor, for constantly advocating for me, and
for helping me formulate the foundational aspects of this study. You are all a blessing to me.
I could not have dreamed of this opportunity, much less seen it to its completion, without
my family. I am indebted to you for your constant prayers, advice, support, and sometimes
sternly worded encouragement. You all have always been my rock, my sounding board, and my
safe place. Thank you to my husband, Gil, for keeping the rest of our world on track and thriving
while I had my last hurrah as a student. Your belief in me and my abilities was unceasing and so
vital to my success.
Lastly, I thank God for answering prayers, opening doors, and placing the right people
and opportunities in my life when I needed them.

i

Abstract
Over the past decade, curricula redesigns at the national and state levels increasingly call
for the use of conceptual models and modeling practices as teaching and evaluation tools to
enhance learning chemistry. Models are often visual, verbal, or manipulative in nature, and may
be provided by the instructor or created by the student during a lesson. Moreover, common
conceptual models in chemistry present content using macroscopic, symbolic, and particulate
levels of representation. These conceptual models, in whichever form they take, offer opportunities
to improve student content knowledge and conceptual understanding by allowing the learner to
generate and discuss his own model, to make meaning from a model provided, or to critique and
revise any model once more information on the topic under study is known.
Much research exists to support the use of model-based instruction in middle and secondary
grade science classes over traditional lecture-based methods, especially with English learner and
special education populations. Less is known about the effectiveness of model-based instruction
for students with varying spatial abilities or of differing information processing styles, especially
when considering the construct of field dependence and field independence. The differences in
ability to visualize representations in three-dimensional space, as well as processing styles, dictate
each decision a learner makes in how, when, where, and to what degree to use a model to learn
chemistry concepts.
In this dissertation, student content knowledge and conceptual understanding were
evaluated using visual representations and scientific models in high school chemistry. The
relationships between field dependency and spatial ability were also evaluated in the context of
the learner’s content knowledge and conceptual understanding. An analysis of student responses
to a metacognitive awareness survey was also conducted to better understand the relationships
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between field dependency, spatial ability, and awareness of factors that influence cognition as it
relates to students’ perceptions of the strengths, weaknesses, and usefulness of representations at
the macroscopic, symbolic, and particulate levels.

Keywords: chemical kinetics, conceptual models, modeling, model-based inquiry, field
dependency, spatial ability, learning progressions, information processing model, anchoring
concepts in Chemistry, high school chemistry, pre-test/post-test experimental design, statistical
analysis ANOVA, instruments for data collection
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CHAPTER 1: INTRODUCTION AND STATEMENT OF PROBLEM
Both the Next Generation Science Standards (NGSS) and the recent redesign of Advanced
Placement (AP®) science curricula focus on a deeper understanding of content, as well as
application of concepts within science classes. New standards and curricula are grounded in
research-based teaching practices aimed at improving student understanding. One such method
includes engaging students in conceptual model-based instruction to allow them to apply abstract
concepts such as those presented in chemistry. Moreover, some state science standards have been
written to expressly require the use of models and modeling processes within their curricula (see
Georgia Standards of Excellence for Chemistry, 2016).
Conceptual models vary widely in definition and possess various modes of representation
(Gilbert, 2004). These models, generally developed through such model-based instructional
practices, are the equations, drawings, graphs, simulations, and other teaching aids students rely
on to learn the abstract content associated with chemistry. Models, regardless their chosen form,
can offer opportunities to improve student knowledge and understanding of the content when
effectively applied in the science classroom. Model-based instruction represents a shift toward a
student-centered learning environment that is created when teachers allow students to make sense
of or generate and discuss their own knowledge and understanding of a topic by interpreting
diagrams, participating in inquiry activities, or engaging in argumentation from evidence (Coll &
Lajium, 2011; Gilbert, 2004; Justi, 2009). Increasing the use of conceptual models as teaching
tools requires learners to abstract meaning from visual representations while also allowing for
students to gain experience with model making, problem-solving, and methods of learning that
require critical thinking. Each of these tasks provides an opportunity for students to build the
visualization, metacognition, and metavisualization skills needed to confront their own
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misconceptions, evaluate and interpret data on their own, and justify their explanations of scientific
phenomena they study (De Jong et al., 2013; Locatelli, Ferreira, & Arroio, 2010; Rickey & Stacy,
2000).
Much research exists to demonstrate the positive outcomes of using model-based learning
in the classroom (Coll & Lajium, 2011; De Jong, Blonder & Oversby, 2013; Gilbert, 2004; Justi,
2009; Johnstone, 1993) within specific populations of English learners (Calderón, Slavin, &
Sánchez, 2011; Janzen, 2008; Lee, 2005; Lee & Buxton, 2013) and those with special education
needs (Mastropieri & Scruggs, 1992; Therrien, Taylor, Hosp, Kaldenberg, and Gorsh, 2011). Less
research exists regarding whether equal opportunities for student achievement exist for students
within the regular education classroom of differing spatial abilities or with differing approaches to
learning which ultimately impact the learner’s decisions about how, when, where, and to what
degree to use available information to gain knowledge about a topic (Pithers, 2002).
Further, the process of learning is often as unique as the student. “Learning is a cognitive
process of change of conceptions” (De Jong, Blonder, & Oversby, 2013, p. 98). Research in
cognitive development and educational psychology highlight the ability of learners to gain new
insights and create knowledge by building on what they already know and can do (Piaget, 1967;
Vygotsky, 1978). Meaning making of experiences in a social setting like those found in science
lab groups and model-based instruction offers a more impactful opportunity to learn because
situated cognition allows for learning in context (Brown, Collins, & Duguid, 1989). Learning
through these social interactions is especially important for students whose information processing
preferences are more field dependent, meaning these students depend on external cues and context
to help them understand and perceive better (Reiff, 1992). “A concept, for example, will
continually evolve with each new occasion of use, because new situations, negotiations, and
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activities inevitably recast it in a new, more densely textured form” (Brown, et al., 1989, p. 33).
The skills needed to learn new concepts are constructed from the culture surrounding the learner,
in that they “reflect the cumulative wisdom of the culture in which they are used and the insights
and experiences of individuals” (Brown, et al., 1989, p.33). The process of modeling also serves
as an instructional strategy for students. According to Bandura’s social learning theory (Bandura,
1977), one learns from observing others. By watching how someone else solves a problem or
creates a representation, the learner is likely to use this modeled behavior to serve as a guide for
their own actions.
When model-based instructional practices are utilized by the teacher, the learner’s ability
to gain knowledge through social interactions and modeling is paramount. It is this culture and
these social interactions that create the more capable peers and the zone of proximal development
that are foundational in Vygotsky’s social development theory (Vygotsky, 1978). These practices
rely most heavily on the educator’s expertise in planning appropriate student activities, providing
technical terms and concepts only when students need them to clarify or rework their models, and
guiding students through all aspects of the modeling process (Jackson, Dukerich, & Hestenes,
2008).
The modeling process involves more than simply adding a diagram or representation to a
lecture, it is an approach to learning that requires active participation from the learner and the
development of skills to create, use, and evaluate models throughout the learning experience. In
fact, the skill set involved with learning chemistry through model-based instructional practices is
complex. Skills involving the creation of a representation of a student’s current level of
understanding, those necessary to explain a representation to others in the classroom, and the
ability to redesign or revise a representation when new understanding is achieved or otherwise
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critically evaluate an existing representation for strengths and/or weaknesses must be developed
over time for chemistry students to be successful in a class that utilizes modeling. For example,
the creation of an initial model often begins with fact gathering and rudimentary evaluations which
lead to a mental or concrete model that can be tested (Justi & Gilbert, 2002). Many researchers see
a correlation between the process of scientific inquiry in the laboratory and the thought processes
linked to modeling process - creating, testing, and communicating models (Maia & Justi, 2009,
Windschitl, Thompson, & Braaten, 2008). This repetitive teaching of the scientific practices in a
social setting like the chemistry classroom offers a foundational experience upon which students
can attach and assimilate the new knowledge and skills necessary to create their own models (De
Jong, et al., 2013; Khan, 2008; Merritt & Krajcik, 2013; Nakhleh & Postek, 2008; Ngai, Sevian,
& Talanquer, 2014).
Overall, the goals of model-based instructional practices with students is clear: to create
more student-centered learning opportunities that contribute to a deeper understanding and mastery
of the content under study, while mimicking how scientists approach solving problems and doing
chemistry. The most important outcomes from the use of models is the production of successful
predictions of how matter will behave under a range of circumstances (Maia & Justi, 2009). These
conceptual understandings of chemical phenomena are specific learning objectives and
interconnected science practices listed in the AP Chemistry Course and Exam Description guide
(Prilliman, 2014; College Board, 2013).
Models are helpful to student learning because the concepts presented in the chemistry
classroom are often abstract, meaning students will have great difficulty assimilating new ideas
into their long-term memory because they have no tangible or concrete example to link the new
information (Johnstone, 1991). Due to many teachers’ inexperience with communicating scientific
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concepts accurately and effectively to students through the use of models, teachers often face many
issues when incorporating models into their teaching (Johnstone, 1991; Windschitl, 2002). These
issues are often the result of underdeveloped pedagogical content knowledge (PCK) in chemistry
and/or little to no exposure to models and modeling in teacher preparation programs (De Jong, Van
Driel, & Verloop, 2002, 2005; Van Driel, Verloop, & de Vos, 1998). Even teachers experienced
with models and with well-developed PCK can struggle to incorporate modeling as an effective
teaching technique because they often explain models or scientific phenomenon using a
“multilevel thought” process which incorporates aspects from the tangible, visible environment
(macroscopic) and mixes it with symbols that represent the unseen (symbolic) as well as behaviors
of matter at the sub-micro level (particulate) (Johnstone, 1991). A common observation is that
teachers move quickly into and out of these different representational levels that they can merge
them into one “reality.” This ability is truly an acquired skill based on experience and a deep
understanding of the content. Students often express being overwhelmed and/or confused by
chemistry instruction, especially when models or analogies are used because of this missing skill
set. Alternatively, teachers may be experienced with modeling, but lack the essential aspects of
knowledge associated with constructivist theory needed to create a learning environment in which
models can be effectively taught (Windschitl, 2002).
Statement of the Problem
Increasingly, high school and college-level chemistry courses employ model-based
instructional practices to enhance student learning of the abstract concepts taught in chemistry
courses (Prilliman, 2014). To date, there has been little, if any, formal evaluation of how students
with differing cognitive styles approach, make sense of, and later use information presented to
them through model-based instruction (Witkin & Goodenough, 1981; Pithers, 2002). Also, an
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evaluation of whether students believe conceptual models or visual representations selected for
use in the classroom aid in their metacognitive awareness regarding kinetics concepts is needed.
In order to provide the most effective learning environment for students identified as field
dependent (FD) within the construct of cognitive learning styles, it is necessary to analyze how
different types of conceptual models and model-based instructional strategies are utilized by FD
students and how these models affect learning outcomes on a unit test in chemistry. It is also
necessary to analyze student responses regarding their perceptions of the usefulness of conceptual
models as a learning tool.
Purpose of the Study
This study will add to the body of knowledge regarding the use of model-based
instructional practices within chemistry classes by providing information about an
underrepresented population of students in the current body of research, the field dependent learner.
Should the study indicate significant differences in how field dependent and field independent
learners approach using conceptual models, the study will aid educators in adapting instructional
techniques to better meet the needs of the field dependent learners within the classroom.
Additionally, the study will add to the body of knowledge regarding how students perceive the
conceptual models and visual representations commonly used in advanced high school chemistry
classes as either helping or hindering their ability to learn science concepts related to chemical
kinetics. To this end, this study seeks to answer the following research questions:


How do students’ level of spatial ability and/or field dependency relate to their score on a
chemical kinetics content knowledge assessment?



How do students’ level of spatial ability and/or field dependency relate to their ability to
explain concepts related to chemical kinetics?

6



What is the relationship between scores on a chemical kinetics assessment and students’
metacognitive awareness related to aspects of knowledge of cognition and regulation of
cognition when learning chemical kinetics?



What is the experience of learning chemical kinetics through model-based instruction for
a field dependent learner?

The theoretical frameworks used to guide this study includes social constructivist theories
(Vygotsky, 1978; Brown, Collins, & Duguid, 1989), and social learning theory (Bandura, 1977),
This study relied on post-positivist and constructivist paradigms, in addition to Johnstone’s
ideas about teaching chemistry with varying levels of representation (Johnstone, 1991) and the
information processing model (Chandler & Sweller, 1991; Schraw & McCrudden, 2013;
Sweller, 1988) to establish a framework for research. A pre-test/post-test design, as well as the
qualitative research tradition of phenomenology (Creswell, 2007) guided the methodological
framework for this study.
Research Design
A mixed methods research approach is used to accomplish the goals of this study. The
study involved a total of 112 ninth through twelfth grade students enrolled in advanced chemistry
courses (Honors, STEM AP, AP) who assented and whose parents consented their participation
through IRB protocol. This group of students was selected because they had very limited exposure
to model-based instruction and little to no knowledge of chemical kinetics.
The scope of the study was limited to a nearly month-long unit introducing the concepts of
chemical kinetics. The study employed a quantitative pretest/posttest design along with coding
student responses to address the research questions regarding different student groups’
achievement when using model-based instruction. Additionally, the participants’ metacognitive
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awareness while learning chemical kinetics was addressed quantitatively using the pretest/posttest
design and the qualitative research tradition of phenomenology (Churchill & Wertz, 2001;
Creswell, 2007)
Data collected from this research was analyzed using both statistical methodologies
(ANOVA, paired t-tests, Pearson correlation, Kruskal-Wallis H testing, and Exploratory Factor
Analysis) and qualitative (phenomenological) methods. The goal of the research was extensive.
First, analysis of the data evaluated the participants’ content knowledge and conceptual
understanding of chemical kinetics when model-based instruction was used as a whole group and
then, later, when participants were grouped into 3 levels (high/medium/low) based on spatial
ability and field dependency. An additional goal was to determine the role of student metacognitive
awareness on student achievement with regards to content knowledge and conceptual
understanding when considering spatial ability and information processing styles. Another goal
was to add to the field of research regarding the experience of field dependent chemistry students
learning chemistry through model-based instruction. The research study provided insight into the
decision-making process that accompany students’ rationale for how to approach creating,
evaluating, and using specific models in an advanced science classroom.

Key Terms for this Study
Several key terms were important to this study. Operational definitions of these terms are as
follows:


Chemical kinetics-the study of the rate by which chemical reactions affect and the factors
that affect these rates
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Conceptual model-an internal or external representation that conveys knowledge and
understanding of a scientific concept or phenomenon (also referred as a representation)



Modeling-the process of creating, using, or evaluating a model to develop skills
necessary to learn and/or apply chemistry concepts



Model-based instruction-a student-centered method of science instruction that requires
learners to a) create an external representation of their understanding of a science
concept, b) use an existing representation to gain understanding of a science concept or
solve a problem, and /or c) evaluate the ability of a representation to communicate details
related to a scientific concept and revise the model as needed



Information processing style-a specific approach related to field dependency used by a
student to make sense of and retain information presented within a learning opportunity



Field dependency-the extent to which a learner is influenced by internal or external cues
to recognize and structure patterns



Spatial ability-a measure of the capacity to understand, remember, and/or manipulate
objects in three-dimensional space



Learning progression-the “development and application of chemical knowledge over time
and practices with the main intent of analyzing, synthesizing, and transforming matter for
practical purposes” (Sevian & Talanquer, 2014, p. 10)



Information Processing Model-a framework used to explain and describe how learners’
observations and novel experiences are transformed via processes related to memory,
cognition, and thinking to allow for new knowledge acquisition (Schraw & McCrudden,
2013).
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CHAPTER 2: LITERATURE REVIEW
Chemical kinetics is defined as the study of the change in concentration of a substance in
a chemical reaction over time and the factors that affect these rates of reaction (Cakmakci, 2010;
Chairam, Somsook, & Coll, 2009; Secken & Seyhan, 2015). The American Chemical Society
Exams Institute, the College Board’s Advanced Placement (AP®) Chemistry Course description,
and many distinguished chemical education researchers describe kinetics as a “big idea” or
foundational concept within the chemistry curriculum (Bain & Towns, 2016; Chairam, et al., 2009;
College Board, 2014; Justi, 2002; Sözbilir, Pınarbaşı, & Canpolat, 2010). Kinetics is a topic of
study first introduced to chemistry students at the secondary level, and is later expanded upon in
coursework at the undergraduate college level for a variety of college majors including
biochemistry, pharmacy, forensic science, chemistry, engineering, and physics (Bain & Towns,
2016; Cakmakci, 2010; Turányi & Tóth, 2013). In a meta-analysis of 34 studies related to the
teaching and learning of chemical kinetics, Bain and Towns (2016) highlight that the majority of
research on teaching kinetics has occurred since 2000, with a sharp increase in kinetics research
studies since 2009, and mostly at the secondary level. This is significant because the recent
increase in research on the topic reflects an increasing understanding of the strengths and
limitations of using conceptual modeling to teach science (Johnstone, 1991; Justi, 2002; Talanquer,
2011; Schwarz & White, 2005; Taber, 2013), an increased awareness of students’ development of
chemical thinking over time (Johnstone, 2006; Ngai, Sevian, & Talanquer, 2014; Sevian &
Talanquer, 2014), and an enhanced understanding of students’ misconceptions regarding kinetics
concepts (BouJaoude, 1993; Cakmakci, 2010; Kirik & Boz, 2012; Sözbilir, et al., 2010; Turányi
& Tóth, 2013). It is the consensus of the authors of nearly all these 34 research studies, as well as
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the conclusion of Bain and Towns (2016), that it is necessary to thoughtfully construct teaching
methods that address student alternative conceptions in kinetics.
While these research findings mark progress toward better student understanding of
kinetics concepts (Bain & Towns, 2016), the body of research on students’ understanding and
mastery of kinetics as a whole is very limited (Bain & Towns, 2016; Camakci, Leach, & Donnelly,
2006; Justi, 2002; Secken & Seyhan, 2015; Sözbilir, et al., 2010). Much more research is needed
to ultimately determine whether student misconceptions are a result of dissimilar cognitive styles
or whether the methods and approaches used to teach students are the root cause of the
misconceptions. In order to adequately prepare first-year chemistry students for the advanced
kinetics concepts that will be taught in their major courses, it is necessary to determine the most
effective approaches to teaching students who encounter difficulties with three-dimensional
models, simulations, graphical representations, and those who struggle applying mathematicalbased logic to science concepts. Further, this chapter discusses what is known about the teaching
of kinetics, as well as specific characteristics of cognitive styles that might constrain students’
ability to master kinetics concepts.
Methods of Teaching Chemical Kinetics
At the secondary level, kinetics is often briefly studied as a means to introduce and facilitate
student understanding of concepts related to chemical equilibrium and thermodynamics (Bain &
Towns, 2016; Sözbilir, et al., 2010; Van Driel & Gräber, 2002). Specifically, chemical equilibrium
is often defined as the point in a reversible chemical reaction when the rate of the forward reaction
is equal to the rate of the reverse reaction. When used in conjunction with thermodynamics studies,
kinetics is regarded in a qualitative aspect to explain why observable rates of endothermic or
exothermic reactions change with a temperature change (Cakmakci, 2010; Sözbilir, et al., 2010).
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When kinetics as a concept is taught in depth, topics are traditionally taught to students in a
sequence that includes an introduction to collision theory, activation energy, rate law, and factors
that affect reaction rate (Kingir & Geban, 2012). Kinetics instruction is mostly instructor-led at
both the high school and college level (Chairam, et al., 2009) where the examples, laboratory
activities, analogies, and conceptual models used to illustrate some aspect of the instructor’s lesson
are chosen based on the instructor’s knowledge and personal understanding of the significance of
the representations used (Justi, 2009; Justi & Gilbert, 2002a, 2002b).
Most chemistry teachers, whether at the secondary or college level, employ representations
as well as scientific and/or conceptual models to aid in teaching content, especially if the content
is of an abstract nature like chemical kinetics (Treagust, Chittleborough, & Mamiala, 2002).
Different educational researchers may rely on either representations over conceptual models or
vice versa to describe aspects of their own research, but major similarities exist between whichever
form of visual aids teachers use to help convey meaning within their classrooms. Representations
can be equated to a description intended “to symbolize; to call up in the mind by description or
portrayal or imagination . . . to serve or be meant as a likeness of; to describe or to depict as”
(Chittleborough, 2014, p. 26).
Students themselves have conceptions about how teaching aids can be utilized to learn
science concepts. To many students, representations and models can illustrate objects or
abstractions. Grosslight, Jay, Unger, and Smith (1991) explained the object classification by listing
examples like “clothes,” “airplanes,” and “buildings” while the classification of abstraction was
reserved for examples like “ideal behavior,” “an idea (of how to build),” and “a concept or species
(model of a frog . . .).” (p. 805). Since these representations are not always a literal interpretation,
they must act as metaphors by depicting an observable phenomenon in a manner that can be
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understood by a novice learner of the subject by linking the abstract and unknown with a familiar
concept (Chittleborough, 2014). Table 1 and Table 2 summarize key features of the visual
representations and conceptual models commonly used to teach chemistry.

Table 1. Summary of Key Methods of Representing Conceptual Models
Mode of model

concrete (or material) mode

verbal mode

symbolic mode

visual mode

gestural mode

Description of mode
The model is three-dimensional and made of resistant
materials, e.g., a plastic ball-and-stick model of an ion lattice,
a colored plastic model of the human circulatory system, a metal model of an airplane
The model can consist of a description of the entities and the relationships between
them in a representation, e.g., of the natures of the balls and sticks in a ball-and-stick
representation, of veins and arteries, of the parts of a model airplane. It can also consist
of an exploration of the metaphors and analogies on which the model is based, e.g.,
‘covalent bonding involves the sharing of electrons’ as differently represented by a
stick in a ball-and-stick representation and in a space-filling representation. Both
versions can be either spoken or written.
The model consists of chemical symbols and formula, chemical
equations, and mathematical expressions, particularly equations,
e.g., the universal gas law, the reaction rate laws.
The model makes use of graphs, diagrams, and animations.
Two-dimensional representations of chemical structures (‘diagrams’) fall into this
category as do the ‘virtual models’ produced by computer programs.
The model makes use of the body or its parts, e.g., the
representation of the movement of ions during electrolysis by mean of pupils moving
in counter-flows.

Note. from “Models and modelling: Routes to more authentic science education,” by J. Gilbert, 2004. International Journal of
Science and Mathematics Education, 2(2), pp. 115-130. Copyright 2004 by Ministry of Science and Technology, Taiwan.
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Table 2. Summary of Key Characteristics of Conceptual Models
Classification of student answers to
questions about Models

Clarifier

Example

Examples of Models

Objects or people

Fashion models, toy models, living models, replicas,
role models, architectural models

Visual models

On paper/computer, pictures or drawings (2D or 3D),
diagrams, blueprints, graph, map

Verbal

Instructions

Abstract

Idea, representation, theoretical model, mathematical
model

Types of “Thing” modeled

Objects

Clothes, buildings, airplanes

Abstractions

Ideal behavior, an idea (of how to build), a concept
or species (model of a frog … )

Relationship

Awareness of modeler

Exactly alike

----

Visually alike

----

Alike, except
different scale

----

Relationally similar

----

Mentions modeler
spontaneously in
describing models

----

Note. From “Understanding models and their use in science: Conceptions of middle and high school students and experts,” by L.
Grosslight, C. Unger, E. Jay and C. Smith, 1991. Journal of Research in Science Teaching, 28(9), pp. 799-822. Copyright 1991 by
National Association for Research in Science Teaching (NARST).

Johnstone (1991) further describes representations used by educators in chemistry as
existing at one of three levels—the macroscopic, the sub-microscopic1, and the symbolic. The
macroscopic level of representations refers to experiments and experiences within the classroom,
sub-microscopic refers to particles within an observable sample of matter, and symbolic is used to

1

The term particulate has replaced sub-microscopic within many curriculum guides and
published science standards for chemistry (College Board, 2014; GSE, 2016).
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address the qualities or characteristics of the matter under study (Chittleborough, 2014; Johnstone,
1991; Talanquer, 2011; Taber, 2013). Figure 1 illustrates Johnstone’s levels of representation as a
triangle in which each side of the triangle represents a continuum, meaning any of the levels can
be used in combination in teaching chemistry.

Figure 1. Johnstone’s Triangle detailing the Three Levels of Chemistry by A. Edwards. Adapted from “Why is
science so difficult to learn? Things are seldom what they seem.” By A. Johnstone. Copyright 1991 by Journal of
Computer Assisted Learning and “Translating across macroscopic, submicroscopic, and symbolic levels: the role of
instructor facilitation in an inquiry-oriented physical chemistry class” by N. Becker, C. Stanford, M. Towns, & R.
Cole. Copyright 2015 by Royal Society of Chemistry.

For the purposes of this study, “model” will be defined using the definition developed by
Schwarz and White (2005): “a set of representations, rules, and reasoning structures that allow one
to generate predictions and explanations” (p. 166). Models are exemplified by scale drawings,
prototypes, computer simulations, mathematical equations, graphs, manipulatives, physical
gestures, and analogies, among other things (Coll, 2006; Gilbert, 2004; Grosslight, Unger, Jay, &
Smith, 1991; Justi, 2002; Justi & Gilbert, 2002b; Schwarz & White, 2005). Further, the use of
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models adds to its definition by stating “[i]n science, models are used to represent a system (or
parts of a system) under study, to aid in the development of questions and explanations, to generate
data that can be used to make predictions, and to communicate ideas to others” (NGSS, 2013,
Appendix F, p. 6). It is important to note that the Next Generation Science Standards, a set of
science standards developed at a national level for use in high school science classrooms
throughout the United States, mainly refers to mathematical depictions like graphs or equations as
representations and all other visual aids used to teach science as models (NGSS, 2013). Based on
this information, the terms representations and models are nearly synonymous, and will be used
interchangeably for the remainder of this discussion.
Even in its most simple form, a model “can help learners to express and externalize their
thinking. It can also help them to visualize and test components of their conceptual ideas, which
may help them advance their thinking and develop subject matter expertise” (Schwarz & White,
2005, p. 167). Models are tools (Schwarz & White, 2005; Treagust, et al., 2002), tools with a
specialized function and a limited application (Taber, 2014). These tools allow for communication
of scientific ideas, and also can point out strengths and weaknesses in the learner’s understanding
of what is being modeled (Gilbert, 2004; Grosslight, et al, 1991). Just as a screwdriver can be
helpful in a limited number of instances, models will function as effective teaching tools only when
the instructor is able to express the purpose, function, and limitations of the representation to the
students using it (Taber, 2014).
Most instructor-delivered models used in the study of chemical kinetics are synonymous
with visual representation (Treagust, et al, 2002). These visual/chemical representations are the
graphs of change in concentration over time; the illustrations of the integration of zero, first, or
second order rate laws; and the energy profile diagrams demarcating how a catalyst or inhibitor
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will affect activation energy. These models are the mathematical equations that will provide a rate
constant, and a rate order when specific variables are solved for. They are the computer simulations
that allow students to observe and manipulate particles in and the conditions of chemical reactions.
Conceptual modeling, in contrast to a representation or model, is a process which forces
students to integrate chemical ideas and practices into a cohesive explanation of some observed
chemical phenomenon (Sevian & Talanquer, 2014). Modeling requires the learner (usually) to
express their understanding in some communicable form for others to critique and for the creator
to defend. Through this active social constructivist process, the model creator evaluates his original
work and, later, usually alters his original model to reflect his new understanding of the concept
under study (Sevian & Talanquer, 2014). Often the teacher facilitates the revision of a learner’s
model by assessing the learner’s progression through lectures, activities, experiments,
opportunities for argumentation and discourse, and or additional training (Ngai, Sevian, Talanquer,
2014).
Unfortunately, research specifically relating to the specific processes involved in student
creation and revision of conceptual modeling in a chemical kinetic unit of study does not exist
within the current body of work (Bain & Towns, 2016; Camakci, Leach, & Donnelly, 2006; Justi,
2002; Secken & Seyhan, 2015; Sözbilir, et al., 2010). What is known is which models are
commonly presented to students when teaching chemical kinetics at the secondary and postsecondary levels. In their meta-analysis, Bain and Towns (2016) concluded that kinetics is
frequently introduced and explained through the lens of mathematical representations such as
equations, data tables and graphical representations. In a case study of kinetics models used to
teach Brazilian high school students, Justi and Gilbert (1999a, 1999b) analyzed both textbook and
teacher created models. These models were compared to historical models that have been used
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throughout time to make sense of the observable phenomena scientists and philosophers have
witnessed since ancient Greece, as well as to explain the interactions between reacting particles
that led to the development of the mathematical equations in use today. Justi and Gilbert (1999a)
found that many of the models used in popular textbooks and that are created by teachers for
classroom use are a hybridization of one or more of eight historical models. These models are
summarized in Table 3 along with how each model influences current methods of teaching
chemical kinetics. These models of kinetics illustrate a learning progression that reflects a more
thorough and integrated understanding of kinetics and the concepts that govern kinetics (Justi &
Gilbert, 1999b). While none of the studies analyzed by Bain and Towns (2016) explicitly used any
named historical approach to teach chemical kinetics, educators often (unknowingly) rely on one
or several of these models to teach kinetics at the secondary or college level (Justi & Gilbert,
1999a). Teachers’ rationale for choosing models to accompany lessons, labs, and activities have
their roots in a specific or a hybrid of multiple of these historical models, usually the model(s) that
fit best with their own understanding of the topic (Justi & Gilbert, 2002a).
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Table 3. Summary of Historical Models Relating to Chemical Kinetics
Historical Model

Key Points

Limitation(s)

Anthropomorphic
(ancient Greece)

(Aristotle)
rate of a change indicated the
“readiness” for an observable
change to occur; established
“affinity” as a driving motivation
for reactions

Gave human
characteristics (such as
emotions) to matter;
relied on “affinity” and
vague terms to convey
meaning; provided no
real meaning for why
reactions occur at a
particular speed

none

(Newton & Boyle) understanding
that matter was composed of
particles; “affinity” now becomes
force of attraction between
particles; does allow for
predictions of rate and addresses
effects of temperature on rate

Led to mostly
qualitative predictions
about rate with no
mathematical
explanations; also
provided no theory to
support the nature of
affinity tables that were
needed for predictions

none

(Wilhelmy) through
experimentation it was discovered
reactions occur because of the
interactions of particles where rate
was proportional to the number of
reacting particles in a given time.
Represents the first model with a
mathematical foundation.

Does not address
catalysis or factors that
affect variables; little
accuracy with predicted
values

Explanation that reaction
rate is proportional to the
concentrations of the
products/reactants

(Harcourt and Esson) reactions
occur in a series of distinct steps
for which the amount of products
per time could be calculated;
established rate order through
mathematical integrations;
increased understanding of steps so
that credible qualitative and
quantitative predictions were
possible

Did not explain the
alternative pathway by
which catalysis
occurred; led to
inconsistent
explanations about
catalysis

Explanation for reaction
mechanisms to explain a
chemical reaction;
establishment of the rate
determining step with
regards to reaction rate

(Van’t Hoff & Arrhenius)
introduced “collision theory” with
sufficient energy as reasons for
interactions of particle; provided
enhanced theoretical background
over Mechanism model;
established temperature as a factor
for changing rate, but not as the
reason a reaction takes place;
creation of Arrhenius equation and
activation energy

Lacks explanation for
how molecules acquire
activation energy to
react; there are too many
theoretical assumptions
within the Arrhenius
equation to accurately
calculation activation
energy

Explanation for reactions
occurring only when
effective collisions occur;
Establishment of methods
to accurately calculation
activation energy in terms
of reaction rate

Affinity
Corpuscular
(early 1600s)

First Quantitative
(early 1800s)

Mechanism
(mid 1800s)

Thermodynamics
(late 1800s)

20

Current Use

Table 3, continued
Historical Model

Key Points

Kinetics
(early 1900s)

(Trautz & Lewis) kinetic theory of
gases and frequency and steric
factors are used to explain
energetic aspects of the collision
theory; improved ability to
qualitatively analyze collision
theory

Does not address the
relationship between a
catalyst and mechanism
for the reaction

To clarify all energy and
orientation requirements
necessary for a reaction
to occur

(Pfaundler, Marcelin, Pelzer, &
Wigner) used statistical
distribution of molecular speed to
explain why reaction do (not)
occur; discusses reaction rate as a
function of the number of activated
complexes present; established
temperature dependence of
reaction rate; introduced idea of
chain reaction to mechanism
studies

As this model is solely a
quantitative approach to
explaining reaction rate,
the model lacks
information to enhance
the qualitative/conceptual
understanding of reaction
rates

Explanation of activated
complexes and
temperature dependence
for reaction rates;
Calculation of activation
energy in single step
reactions

*developed
concurrently with
Statistical
Mechanics model)

Statistical
Mechanics
(early 1900s)

*developed
concurrently with
Kinetics model)

Transition States
(1930s-present)

Limitation(s)

Combined major aspects of the
Kinetics, Thermodynamics, &
Statistical Mechanics models;
describes limitations that prohibit
reactions from occurring;
establishes relationships between
variables in Kinetics &
Thermodynamics models;
addresses both quantitative and
qualitative approaches to
understanding reaction rates

none

Current Use

Current theory by which
chemical kinetics is
taught; Establishes strong
relationships
between/integrates
aspects of previous
models that could only
be viewed in isolation

Note. Adapted from "History and philosophy of science through models: The case of chemical kinetics," by R. Justi and J.
Gilbert, 1999. Science & Education, 8(3), 287-307. Copyright 1999 by Kluwer Academic Publishers, and “A cause of ahistorical
science teaching: Use of hybrid models,” by R. Justi and J. Gilbert, 1999. Science & Education, 83(2), 163-177. Copyright 1999
by Kluwer Academic Publishers.

Levels of Representation used in Kinetics Models
Bain and Towns (2016) highlighted the opportunity to utilize all three components of
Johnstone’s triangle (Johnstone, 1991; Talanquer, 2011; Taber 2013) when teaching chemical
kinetics by stating that kinetics was often explained through the lens of mathematical
representations such as equations, data tables, and graphs. These specific representations support
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understanding of observable phenomena in the kinetics unit. The opportunity to include multiple
levels of representation often exists through computer simulations and laboratory activities (Bain
& Towns, 2016). Macroscopic models used to teach chemical kinetics are almost always limited
to laboratory activities or experiments. In traditional laboratory experiments, students observe the
reaction rate through an observable (i.e. macroscopic) color change. In one such experiment
suggested by the College Board for inclusion in the AP Chemistry curriculum, blue food dye and
bleach solutions of varying concentrations are mixed together in a cuvette and immediately placed
in a spectrophotometer (Royal Society of Chemistry, 2009). The absorbance of the resulting
solution is measured over a period of time, with the absorbance value reaching zero as the dye
reacts with hypochlorite and the color disappears. The proposed explanation for the color change
in this reaction is that “the bleach oxide[z]es the central methylene carbon atom so that the
molecule no longer has the extended conjugation system and the absorption of the less conjugated
product occurs at a lower wavelength outside of the visible region of the spectrum” (Royal Society
of Chemistry, 2009, p.2). The overall reaction and the specific mechanism for the reaction are
briefly mentioned, leaving the main purpose of the experiment to use the disappearance of a color
to indicate reaction rate. The data collected from the experiment represents a series of student
created symbolic models that are later used to graph and calculate the rate law and rate order of
each of the reactants. Modifications to the spectrophotometer settings can be made so that green
and/or red dyes could be used instead of limiting the experiment to blue dye (Henary & Russell,
2007; Russell, 1992) or a demonstration in which and overhead projector and student observations
replace the need for the spectrophotometer could be used instead (Weaver & Kimbrough, 1996).
Another traditional experiment is the Landolt or iodine clock reaction, in which two
colorless solutions are mixed, and after a short time a dark blue, inky solution appears (Pant, n.d.,

22

Spangler, 2015). One of the colorless solutions is potassium iodate, while the other is a
combination of sodium meta-bisulfate and starch. Iodate ions first react with the bisulfate to
produce iodide and sulfate ions (Equation 1). Next, newly generated iodide ions react with iodate
ions to form elemental iodine (Equation 2). Following this, iodine reacts with the bisulfate ions to
reform iodide and sulfate ions (Equation 3). Once the supply of bisulfate, which serves as a limiting
reactant in these series of reactions, is exhausted (Equation 4) the excess iodine reacts with the
starch solution to produce a visible blue-black complex (Flinn, 2009). A mechanism for the
reaction appears below in Equations 1-4:

IO3- (aq) +3 HSO3- (aq)  I- (aq) +3 H+ (aq) + 3 SO42- (aq) + H2O (l)

(1)

6 H+ (aq) + 5 I- (aq) + IO3- (aq)  3 I2 (aq) + 3 H2O (l)

(2)

I2 (aq) + HSO3- (aq) + H2O (l)  2 I- (aq) + SO4-2 (aq) + 3 H+ (aq)

(3)

I2 (aq) + starch  dark-blue colored complex

(4)

The experiment is often presented as a demonstration, but efforts to re-work the demonstration
into an inquiry-based experiment have been successful (Creary & Morris, 1999; Flinn, 2009). The
inquiry-based design allows students to manipulate factors such as pH, temperature, concentration,
and the presence of competing ions to speed up or slow down the time for the iodine-starch
complex to appear.
Alternatively, kinetics has been often modeled macroscopically through radioactive decay
when studying nuclear reactions (AACT, 2016; UGA, n. d.). One such activity uses Twizzlers®
licorice candy to simulate the first order decay of a radioactive sample by graphing the change in
height of the licorice as it is successively cut in half (i.e. a half-bite). Each round of cutting
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represents one half-life. The activity is repeated with a giant Twizzlers that is significantly longer
to illustrate that rate of decay for the same substance is identical regardless of the starting sample
size. A follow up to this activity involves M & M’s candy which is used to simulate a different
isotope of an element undergoing decay. A radioactive (i.e. visible “m” on candy) sample of known
size is placed in a cup, shaken, and poured onto a flat surface. All isotopes that have undergone
decay have lost their “m” (i.e. “m” is now face down), and are removed from the original sample.
Remaining radioactive isotopes are collected into the cup, and the procedure repeats until all
isotopes have undergone decay. Data is collected at each step, but the resultant graph is not as
smooth and predictable as the Twizzlers graph, indicating that different substances decay at
different rates.
Iyengar and deSouza (2013) described how in an advanced undergraduate chemistry class
at Indiana University, kinetics ideas were also used in a conceptual, qualitative manner to describe
entropy and free energy changes and the statistical rarity of a chemical reaction in terms of
pressure-volume (PV) diagrams. Here, the chemistry instructors were able to “connect these
macroscopic ideas to the microscopic description of entropy given by Boltzmann to arrive at a
microscopic view to spontaneity” (Iyengar & deSouza, 2013, p. 75). Manipulations to the
conditions related to a movable piston system were described to students in the classroom lecture
setting, and the resultant changes to volume within the piston were examined and discussed in
class.
When considering the symbolic level of representation used in teaching kinetics, the types
of models commonly used by educators could be classified into two categories: (a) balanced
chemical equations or (b) mathematical-based equations and graphs. Balanced chemical equations
were traditionally used to support student understanding of the overall, complex reaction under
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study in the experiment or simulation. Balanced chemical equations were also used to support a
mechanistic understanding of the step-by-step process of reactants turning becoming products.
Here, balanced chemical equations illustrated the creation and consumption of reaction
intermediates, as well as provided insight as to how a catalyst interacts with the reacting species
at a particulate level.
Mathematical equations and graphs created from laboratory data are nearly always the
primary representations used to communicate ideas, provide explanations, and serve as examples
for concepts taught in a chemical kinetics unit (Despoja & Ibraheem, 2009; Bain & Towns, 2016).
For example, the law of mass action is one of the first mathematical representations students are
introduced to in the study of kinetics (Van Driel & Graber, 2002). Graphs of concentration versus
time illustrating just how reactant concentrations decreased over time and product concentration
increased over time are often used early in a kinetics unit to provide concrete relationships on
which to build more complex understandings of kinetics concepts. Additionally, graphs of this
information are often combined to help students visualize when during the reaction equilibrium
will be established. One major reason mathematical equations and graphs are used so prevalently
is that they allow for students to predict outcomes when specific variables are changed (Bain &
Towns, 2016; Çalik, Kolomuç, & Karagölge, 2010; Olakanmi, 2015). Graphs illustrating
activation energy of endothermic and exothermic process are the first concrete link between the
topics of kinetics and thermodynamics for many students. Graphically introducing catalysts or
inhibitors to this graph helps students conceptually rationalize that the pathway for the reaction
must be altered before reaction mechanisms are introduced as a topic of study.
When considering the particulate level of representation, educators had, until recently, been
limited to teacher-created depictions of molecules on a white board, or prepared illustrations from
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a textbook or other ancillary materials. Molecular models kits and improvised materials such as
marshmallows and toothpicks or Styrofoam and wooden dowels also served to represent atoms,
molecules, and crystalline lattices in classroom discussions of chemistry. One such manipulativebased particulate level activity involves three-member student groups manipulating different
colored LEGO® bricks (or any other interlocking objects) to mimic aspects of collision theory and
activation energy (Cloonan & Morris, 1999). In the first procedure, one member shakes a shoebox
containing 100 individual bricks of two different colors (50 each) to form a two brick “molecule”
for a three-minute round. At the conclusion of the round, the number of assembled molecules are
counted and immediately returned to the reaction vessel (i.e. the shoebox). Two additional threeminute rounds follow the first, and new totals for the assembled molecules are counted each round.
Next, students disassemble the shaking molecules, again in a series of three rounds, with results
recorded after each round. During the last set of three timed rounds, partners compete--one to
assemble molecules, one to disassemble, and the third to shake the shoebox. Resultant data should
show that the number of assembled molecules and disassembled molecules becomes static between
rounds two and three. The activity serves as a powerful visual image of the difference in the rates
of synthesis and decomposition while introducing students to the idea that equilibrium can be
reached when two reactions of differing rates compete.
As access to in-classroom technology and the internet improved in the late 20th century and
the early 2000s, computers and computer-based software became a staple to aid innovative
educators in building a conceptual understanding of chemistry topics (Edelson, Gordin, & Pea,
1999, Vrasidas & McIsaac, 2001). Bain and Towns (2016) discussed the sharp increase toward the
use of technology-based models in 33 research studies reviewed since 2000. Computer software
in the form of simulations and animations were popular choices to introduce students to chemical
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kinetics at the particulate level of representation (Çalik, Kolomuç, & Karagölge, 2010; da Silva
Júnior, Lima, Sousa, Alexandre, & Leite Júnior, 2014; Olakanmi, 2015). Computer simulations
were readily available online through websites and applications, and were described as any
program that incorporates text with visuals and/or interactive components like animations, sound,
or graphics (Olakanmi, 2015). Simulations in which variables could be manipulated and
animations illustrate a phenomenon allowed students to take a more active role in learning (Çalik,
Kolomuç, & Karagölge, 2010). In most available computer simulations and animations currently
used in chemistry classrooms, students were able to test what if scenarios and to interact with
different aspects of a chemical reaction, thus creating opportunities for enhanced comprehension
of complex dynamic chemical processes (Çalik, Kolomuç, & Karagölge, 2010; Olakanmi, 2015).
PhET Interactive Simulations® is an online simulator created and managed by the
University of Colorado, Boulder, offering a variety of science and mathematics-based activities
for students from grade 6-16. All simulations provide educators with at least one prepared lesson
to support the use of the PhET in a class setting (prepared documents are accessible to educators
only through a password protected, limited access portal). Additional descriptive and support
information has been provided on the simulation’s homepage. Teachers are encouraged to develop
their own activities for use with the simulation and submit for sharing purposes with the managers
of the website. Table 4 summarizes the chemical kinetics simulations available, each of which has
a major emphasis on the particulate level of representation.
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Table 4. Summary of Chemical Kinetics Simulations available through PhET Interactive
Simulations®
Simulation

Author(s)

Topic(s) covered

Description

Other level(s) of
representation addressed

Alpha Decay

Adams, W., Blanco,
J., LeMaster, R.,
McKagan, S.,
Perkins, K.,
Podolefsky, N., &
Wieman, C.

Alpha Decay
Half Life
Radiation

A two tab simulation that allows
users to observe the decay of single
or multiple atoms; Atoms of several
different elements are available for
use in the simulations

None

Beta Decay

Adams, W., Blanco,
J., Perkins, K.,
Podolefsky, N., &
Wieman, C.

Nuclear Decay
Beta Decay
Nuclear Physics

A two tab simulation that allows
users to observe the decay of single
or multiple atoms; Atoms of several
different elements are available for
use in the simulations

Symbolic (half-life graphs,
pie charts)

Collision Lab

Dubson, M.,
Loeblein, T., Perkins,
K., Gratny, M.,
Olson, J., Reid, S., &
Paul, A.

Collisions
Momentum
Velocity

A two tab simulation replicating an
air hockey table that allows for up to
5 different colored spheres to interact
with variable manipulation available
for elasticity of collision and changes
to momentum. It is also possible to
interpret how kinetic energy of the
system changes as a result of the
changes to other variables.

None

Nuclear
Fission

Adams, W., Blanco,
J., LeMaster, R.,
McKagan, S.,
Perkins, K.,
Podolefsky, N., &
Wieman, C.

Nuclear Fission
Chain Reaction
Atomic Nuclei

A three tab simulation that allows
users to view aspects of a one nucleus
fission reaction for various elements;
to manipulate factors to create a
sustained chain reaction, and to view
components of a nuclear reactor

Symbolic (potential energy
diagrams)

Reactions &
Rates

Koch,L., LeMaster,
R., Loeblein, T., &
Perkins, K.

Reactions
Kinematics
Concentration
Equilibrium

A three tab simulation that allows
users to view single collisions, many
collisions, and rate expressions. Users
are able to manipulate temperature,
number of particles, and time to
change the rate of reaction. Data is
graphically displayed for each new
criterion

Symbolic (potential
energy/reaction coordinate
diagrams)

Reversible
Reactions

Barbera, J., Koch, L.,
LeMaster, R., &
Adams, W.

Thermodynamics
Temperature
Heat
Gas
Reaction
Thermal energy

A single tab simulation in which a
reaction is mapped over time.
Variable of barrier height,
temperature, and potential energy of
the reacting substances can be
changed. Both the Arrhenius equation
and rate law equation can be
manipulated through this simulation.

Symbolic (Arrhernius
equation, rate law equation)

Note. Adapted from "PhET Simulations" webpage created and maintained by the University of Colorado, Boulder. Copyright
2016 by the University of Colorado.
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Other integrated approaches for using multiple levels of representation are available for
use with chemistry classes (da Silva Júnior, Lima, Sousa, Alexandre, & Leite Júnior, 2014;
Hunnicutt, Grushow, & Whitnell, 2014). For example, KinChem is computer-based software
developed by university faculty in Brazil that serves as a teaching and learning tool specifically
designed for use for the study of chemical kinetics (da Silva Júnior, et al., 2014). Software is
downloaded to Windows-based computers or electronic devices, and the program operates through
Adobe Flash. KinChem includes simulations and animations to help students explore and learn
about kinetics topics from a macroscopic, particulate, and symbolic perspective. Topics addressed
by the software include rate (instantaneous, average, and rate law), rate order, half-life, integrated
rate law, and catalysis (homogeneous, heterogeneous, and enzyme), among others. Like PhET,
KinChem is available free of charge for use in chemistry classes, yet unlike PhET, KinChem is
also available in a second language-Portuguese, which could be advantageous in addressing the
needs of specific English learner populations within the classroom.
Hunnicutt, et al. (2014) devised a non-computer based method for integrating all levels of
representation into an existing chemistry curriculum by way of laboratory experiments used in the
course. The Process Oriented Guided Inquiry Learning-Physical Chemistry Laboratory (POGILPCL) Model for teaching approached learning physical chemistry concepts like chemical kinetics
and thermodynamics through laboratory experiments that have been rewritten to emphasize a
conceptual understanding over the reproduction of results likely known to the students before
beginning the lab session. Lab experiments were presented to students as questions to be answered
(Hunnicutt, et al., 2014), and once in the lab setting, students worked together to make decisions
about how best to proceed to answer the question given. Predictions students must make within
the lab served as models that inform understanding of the content under study. Additionally,
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models were constructed upon data collection, whole group discussions occur, and appropriate
mathematical equations were introduced only when students needed them for analysis purposes.
To further the use of models in the curriculum, students answered thinking about the data (TATD)
questions which utilized models and the data to create evidence-based explanations for phenomena
observed in the lab (Hunnicutt, et al., 2014).
Weaknesses in Representations used to teach Chemical Kinetics
Models are utilized by teachers to communicate important content to students, and to help
students better understand the nature of science (Duit & Treagust, 2003). Any representation used
as a teaching tool “should build on students’ prior knowledge of a phenomenon and ways of
thinking about it, for example by taking into account the skills they possess for dealing with the
concrete and abstract entities involved in analogical relationships” (Justi & Gilbert, 2002b, p.1274).
A major flaw noted time and again by researchers was that it is often challenging to avoid students
creating alternate conceptions or misconceptions when representations and model-based
instruction were used as teaching tools (Bain & Towns, 2016; Justi & Gilbert, 1999a, 1999b,
2002b; Johnstone, 1991, 2000; Talanquer, 2011; Taber, 2013; Vosniadou, 1994). According to
Vosniadou (1994), misconceptions represent students’ attempts to reconcile ideas from their
personal/cultural backgrounds, prior knowledge, experiences or observations, and levels of
intelligence and maturity with the scientific views presented to them in class. Many of these
misconceptions occur because of how the model or representation was used in the classroom
setting, and how well the teacher understood both the model itself and the science behind it (Justi
& Gilbert, 1999a, 1999b, 2002b; Johnstone, 1991, 2000; Talanquer, 2011; Taber, 2013). The
following section describes how models can lead to student misconceptions, as well as how models
might have major detrimental effects on the student achievement and mastery in the classroom.
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In discussing the use of the triplet in chemistry, Johnstone (2000) advocated for a
macroscopic level first, particulate level last approach to using representations. Introducing levels
of representations to students should be done in a specific order because even older students and
adults often had difficulty transitioning within any one level, as well as from one level of
representations to another (Chittleborough, 2014; Johnstone, 2000). Overwhelming learners by
using too many representations at the same time or by moving between levels adversely affected
a learner’s ability to process what is presented to them (Chittleborough, 2014). Since it was
possible for students to observe phenomena in a laboratory setting where concrete connections
could more easily be formed, it was most often appropriate to introduce students to a macroscopic
representation related to kinetics studies first. Macroscopic representations created to explain these
observations were quite useful when using inquiry-based methods of teaching. In kinetics, for
example, students would predict what would happen during the iodine clock reaction before seeing
it demonstrated. They would next observe a demonstration of the reaction, and then analyze the
differences in their predictions and observations. This procedure began the process of making
connections between what students already know and they saw (Gabel, 2003). Since the reaction
produced a color change, and not the expected formation of a gas or precipitate students were
familiar with, a demonstration of this reaction was considered to be a discrepant event. Taber
(2013) described how such events, observations, and the resulting macroscopic representations
used to explain these observations will likely force the learner to re-work existing knowledge in
order to make sense of what they saw and what they know. Additionally, use of macroscopic
representations at this time could inform students of gaps in their understanding or of the necessity
to learn new content in order to explain what they observed.

31

To revisit the iodine clock reaction discussion, a balanced chemical equation representing
the reaction mechanism of the iodine-clock reaction should provide insight as to which species
were responsible for the observed color change, as well as why no precipitate formed or gas was
evolved during the reactions. Equations would also allow students to identify reaction
intermediates that were ultimately used up so that the iodine-starch complex could form.
Stoichiometric relationships between the substances in the reactions would also help students
understand why the colored complex formed after a specific time. Values for changes in
concentration over time and rate law equations could be further used as symbolic representations
to support the mathematical modeling possible in the kinetics unit. Logically, these symbolic
representations would be incorporated as next steps in the explanation of the observed phenomena
surrounding the iodine clock reaction. Using macroscopic and symbolic representation levels first
is one of the most important best practices an educator can employ with teaching with models
(Johnstone, 2000). Therefore, the improper sequencing of level or representation can, in and of
itself, be a weakness of their use in chemistry classrooms.
Inherent weaknesses exist in regards to some aspect of each model used to teach science
concepts, especially kinetics. Models are, after all, an oversimplification of a complex idea that
have only some of the same characteristics of the scientific concept under study (Coll & Lajium,
2011). The majority of representations historically used to teach chemical kinetics have been
chosen by the teacher or other supposed content specialists (i.e. textbook author/editor or
simulation/tutorial video creator). Justi and Gilbert (2002b) advocated for teachers to use a
particular model only if the teacher understands both the scientific and historical context of the
model chosen. Too often, this is a missing criterion for the representations used to teach a lesson.
Visual representations were chosen for a variety of reasons including availability or copyright, the
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use of color or lack thereof, the model’s aesthetics, the transferability of the model to printed
materials, etc. without ever considering whether the model used was tied to students’ previous
knowledge.
Moreover, some of the most common poorly chosen models by teachers were verbal
analogies or metaphors (Dagher, 1995; Justi & Gilbert, 2002b; Taber, 2014; Treagust, Duit, Joslin,
& Lindauer, 1992). Analogies and metaphors are considered to be verbal, macroscopic
representations (Gilbert, 2004; Grosslight, et al, 1991; Johnstone, 1991; Talanquer, 2011; Taber,
2013; Vasniadou, 1994). They are used to introduce ideas about kinetics because they offer
descriptions that were seen as a bridge between the familiar concept already known by the student
and the target, the concept the teacher was attempting to inform about (Coll & Lajium, 2011; Taber,
2013). In these analogies and metaphors, teachers often reverted to the aspects of the
Anthropomorphic historic model (Justi & Gilbert, 1999a, 1999b), especially in introductory
lessons of kinetics. Teachers used terminology such as “reactants want to bond,” “metals like to
change oxidation state,” or “the nonmetal needs to fill its valence shell” to explain why reactions
happened in general and why specific reactions proceeded very quickly or at a slow rate (Taber,
2014). The use of this terminology was not correct in describing the kinetic theory and reasons
why reactions happened. A more accurate explanation to students would involve the use of a
reaction coordinate diagram in which coulombic attraction and repulsion, changes in entropy, or
changes in enthalpy are used to describe why reactions happen and happen at the speeds they do
(Taber, 2014). In classrooms where human characteristics were routinely applied to particle
interactions, “it is little surprise that students who have not yet met the scientific explanations come
to adopt these metaphors as scientific principles” (Taber and Watts, 1996 as cited by Taber, 2014).
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Models chosen without thoughtful consideration of the intended audience were considered
weak teaching tools, and could possibly lead to a variety of student misconceptions (Justi & Gilbert,
1999a, 1999b, 2002b; Johnstone, 1991, Talanquer, 2011, Taber, 2013). These misconceptions
occurred because students who were learning aspects of a concept for the first time lacked the
ability to recognize or value the limited scope of use that was inherent with the teaching model
(Taber, 2014). If the teacher, the expert in the room, failed to point out the limited use of a model,
students would learn the concept presented as a fact that was accurate for an entire range of
situations the teacher never considered or intended. For example, misconceptions often arose in
the study of the theoretical reaction mechanism of an observable chemical reaction through
symbolic representations. Here, elementary reactions created to explain the step-by-step processes
needed for reactants to become products in a reaction mechanism are known to have the property
of molecularity. For students, molecularity means that the number of molecules or atoms in the
rate determining step are identical to the rate order for the particular substance in the rate law
equation. Molecularity does not extend to complex, observable reactions seen in a laboratory
setting. If the teacher failed to appropriately explain the limitations of molecularity to the rate
determining step in an overall reaction mechanism, students often wrongly believed a coefficient
in any balanced equation was the rate order of that substance in the rate law equation. In truth, the
rate law and rate order must be determined experimentally for all complex, observable reactions.
Even when models were used correctly with regards to historical context, teacher understanding,
and effective sequencing between levels of representations, the model itself may hold
characteristics that lead to fostering students’ misconceptions because students often fail to grasp
the scope and limitations inherent within the analogy (Justi & Gilbert, 2002b).
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Of all the levels of representations, particulate diagrams, especially, can lead to the formation of
student misconceptions because of the amount of simplification used in this level. In kinetics,
aqueous solutions are often used as reactants or created as products due to the fact that molecular
motion is greater in this state than in a solid sample, and solutions are easier to contain than gases.
Figure 2 illustrates commonly accepted particulate drawing for an aqueous solution. In these
illustrations, major concepts are intentionally omitted which could lead to student misconceptions
related to the collision theory, kinetic theory, and the interactions of particles in a reaction
mechanism. In (a), which would accurately be described as a hybrid between a macroscopic and
symbolic representation, water molecules were absent from the illustration, but are implied by the
grey color of the beaker and the line demarcating the volume of the solution. Particle size and
charge of the resulting ions is correctly depicted as nitrate ions are larger than lithium ions, and
relative number of particles of each ion are correctly represented, here a 1:1 ratio. Missing are the
interactions between solute and solvent particles and any information that could be used to
determine the concentration of the resulting solution. Additionally, the molecular geometry of the
nitrate ion is depicted as a trigonal pyramidal shape instead of a trigonal planar one. Due to these
limitations, it should be concluded the intended purpose of this model, therefore, could only be to
illustrate how an ionic compound containing a polyatomic ion separate in water yet leave the
polyatomic ion intact.
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(a)

(b)

Figure 2. Particulate Representations of Ionic Solutions. Image (a) by A. Edwards, 2017 and (b) adapted from
NaCl_dissolving.png, by Ahazard.sciencewriter, 2017, https://commons.wikimedia.org/wiki/File:NaCl_dissolving.
png. Public domain.

While ions in (b) were also accurately depicted by ionic size, the size of the ions compared
to the size of the water molecule is slightly distorted. Improvements to (b) over (a) in Figure 2 are
exemplified by the inclusion of water molecules in the representation and the orientation of the
water molecules with respect to dipoles within the water molecule and the charges of the ions from
the salt crystal. The illustration also depicts particle interactions significantly more accurately than
representation (a) does. The dissolving particulates from the solid were represented by individual
Na+ and Cl- ions that are no longer a part of the lattice. There remain, however, limitations with
this improved representation. The number of water molecules actually present in the solution was
significantly underrepresented in illustration (b). Spaces were visible between all components of
the solution, the free ions and the water molecules. In reality, space does not exist between the
particles to the degree depicted in (b). Particles in an ionic solution are attracted to each other and
will have very small distances between their nuclei as explained by intermolecular forces and
coulombic law.
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Weaknesses in models were not limited to the particulate level of representation, however.
Cakmakci and Aydogdu (2011) conducted a content analysis of kinetics explanations provided by
a Turkish chemistry textbook to first-year undergraduate students. One of the symbolic
representations the authors analyzed is depicted in Figure 3. This symbolic representation of the
energy profile of the catalyzed, inhibited, and uncatalyzed reactions fail to represent the most
important feature of a catalyzed reaction, that is, the “sequences of several activated complexes
and intermediates” (Cakmakci & Aydogdu, 2011, p. 18) involved in the reaction mechanism. Also
missing are the reaction intermediates that are formed and consumed during the reaction process
and the identity of the substance functioning as the catalyst or inhibitor. Because these entities
were not included in the symbolic representation, it is possible for students to come to the
conclusion that these reactions proceed by the same, one step reaction mechanism (as indicated by
the reaction coordinates both with one peak) (Cakmakci & Aydogdu, 2011).
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Figure 3. An Energy Profile for a catalyzed, inhibited, and uncatalyzed reaction by A. Edwards, 2017.

Additional examples of representations pertaining to chemical kinetics used in research
studies that led to student misconceptions were included in the meta-analysis by Bain & Towns
(2016) discussed previously. Regardless the level of representation used or the knowledge and
experience level of the teachers using the representations, meaning-making in science occurred
when students experienced phenomena, communicated their understanding with others, and
evaluated available models related to the topic (Cakmakci & Aydogdu, 2011; Ngai, et al., 2014).
Teachers must thoughtfully select the models for use in communicating science concepts to
students. Once selected, models and their limitations should be thoroughly acknowledged.
Opportunities for success in using, creating, and evaluating models and representations must also
be provided for all students, especially those whose cognitive style and spatial abilities might
otherwise impede their ability to learn through conceptual modeling-based instructional practices.
Cognitive Learning Styles
The field of psychology defines cognitive learning styles as the repeating patterns of
behavior and thinking that allow for the acquisition and process of information (Kozhevnikov,
2007). Cognitive style can further be defined as “characteristic modes of perceiving, remembering,
thinking, problem solving, decision making that are reflective of information processing
regularities that develop in congenial ways” (Messick, 1993 as cited by Danili & Reid, 2006, p.
66). The dimension of field dependence/field independence (FDI) within cognitive style types was
first developed by Witkin and others (1977). Reiff (1992) stated that this dimension addressed a
learner’s preferences in learning and ability to learn or memorize “when faced with complex
material or situations” (p.13), while highlighting that these preferences differ within a class of
students with the same intellectual capacity and motivation.
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For many, cognitive learning style has come to be thought of as a dimension of the learner’s
personality (Finley, 2015). Others view learning styles as a manifestation of Gardner’s Multiple
Intelligences when considering how information was supplied to the learner (i.e. visually, orally,
or hands-on manipulation) (Riener & Willingham, 2010). As such, disagreements over whether
FDI is truly a cognitive learning style or is rather a measure of the learner’s information processing
habits are well documented, especially between psychology researchers and education researchers
(Bruff, 2011; Riener & Willingham, 2010; Rittschof, 2010). Being sensitive to this growing
argument, I chose to refer to the learner’s modes of thinking about information presented as
information processing preferences throughout the remainder of this study. Yet, regardless of how
researchers presently categorize the construct, it was important to realize that “a single-minded
focus on style accommodation may limit the creation of tools and strategies that support the
development and improvement in learning-specific cognitive functioning among students”
(Rittschof, 2010, p. 110). Moreover, many would argue that complex material and situations
abound within the chemistry classroom. Because of this, students’ abilities and preferences to
internalize information presented to them should be elevated to a level of great importance when
considering learning in chemistry.
Field dependent learners in model-based learning chemistry classrooms. A research
study by Tinajero and Páramo (1997) examined the relationship between FDI and academic
achievement. In it, the authors described FDI as a measure of how well the learner uses internal
and external cues to organize information presented to him/her, concluding field independent (FI)
learners are better able to restructure information presented to them because of well-developed
internal cues. Field dependent (FD) learners “place their ‘trust’ in external cues, and tend to accept
percepts or symbolic representations at face value” (Tinajero & Páramo, 1997, p. 199). Witkin and
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his colleagues believed that learners at different ends of the FDI continuum are able to balance
their personal strengths and weaknesses so that performance between the populations should be
equal. “The greater restructuring ability of FI subjects is counterbalanced by the greater social
skills of the FD subjects” (Tinajero & Páramo, 1997, p. 200). Due to this, FD and FI students
should “not differ in learning ability but may respond differently to the content being presented as
well as the learning environment” (Altun & Cakan, 2006, p. 295). Unfortunately, most research
into FDI learners’ performance in STEM courses does not support this contention because FI
students often outperform their FD peers in these courses.
In addition to Tinajero and Páramo’s study, other studies involving FDI populations also
concluded that regardless the instructional approaches used, FI participants were usually most
successful from a performance standpoint (Altun & Cakan, 2006; Angeli & Valanides, 2004;
Glicksohn & Kinberg, 2009; Johnstone, 2006; Weisz, O’Neill, & O’Neill, 1975). FI learners
seemed to have an advantage over other learners in classrooms that employed less teacher-centered
instructional practices like pure inquiry, guided inquiry, and project-based assignments (Evans,
Richardson, & Waring, 2013). Moreover, FI learners outperformed other learners on working
memory related tasks and tests involving visuospatial memory, and seemed to benefit most when
information was presented in a visual form like the macroscopic, particulate, and symbolic
representations previously discussed (Evans, et al., 2013).
The role of the cognitive style related to the construct of FDI is most likely only one factor
for student achievement when working memory has been overwhelmed or the learning
environment supports one style over any other (Evans, et al, 2013). Research studies related to
FDI are sparse within the science education literature in general, but have been studied heavily
within the field of psychology. Research on this construct does ultimately point to the learner’s

40

access to information, the instructional design of the class, and the ability of the teacher to create
an effective learning environment that is supportive of all cognitive styles as primary factors
influencing student achievement. The sections that follow seek to better situate field dependency
with the instructional practices and learning environment utilized within the chemistry classroom.
Field dependency and spatial ability of the learner. The use of graphs, diagrams, equations,
prototypes, manipulatives, simulations, and other forms of conceptual models provided teachers
and students with tools that enhanced the learning experience in advanced science classes. At first
glance, it would seem that achievement in science should directly correlate with mathematics
achievement because of the mathematics skills often needed to construct graphs or solve
mathematical equations common in physical science disciplines. Upon further study, it seems the
mathematical skills specifically related to geometry, scale, and orientation were most likely to
accurately predict achievement in science classes like physics and chemistry (Pallrand & Seeber,
1984). Research suggests a student’s spatial ability was highly correlated to achievement in science
classes (Johnstone, 2006; Pallrand & Seeber, 1984; Bodner & Guay, 1997). Further, spatial ability
was identified as a major indicator of student achievement within FDI populations (Johnstone,
2006; MacLeod, Jackson, & Palmer, 1986; Pallrand & Seeber, 1984).
Spatial ability can be defined as “an individual’s skill in perceiving fixed geometric/spatial
relations and in applying mental transformations such as rotation or reconfiguration to existing
spatial relations” (MacLeod, et al., 1986, p. 141). As previously noted, visual representations are
commonly used within the chemistry classroom (Justi & Gilbert, 1999a, 1999b, 2002b; Johnstone,
1991, Talanquer, 2011, Taber, 2013), so a student’s ability to perceive the representation correctly
and to accurately rationalize manipulations that may be applied to them are integral to the success
of a student in modern science classes. Representations, even when thoughtfully chosen and
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effectively explained to students, may still lead to student misconceptions regarding the content
under study (Bain & Towns, 2016; Justi & Gilbert, 1999a, 1999b, 2002b; Johnstone, 1991, 2000;
Talanquer, 2011; Taber, 2013; Vosniadou, 1994). Often, student misconceptions can be linked to a
misinterpretation of the visual representation(s) used to explain a scientific concept (Gilbert, 2004;
Grosslight, et al, 1991). In terms of field dependence, research supports the conclusion that FI
learners were better able to restructure information presented in visual form and, therefore, were
better able to learn from visual representations than other learners can (Altun & Cakan, 2006;
Angeli & Valanides, 2004; Glicksohn & Kinberg, 2009; Johnstone, 2006; Tinajero & Páramo,
1997; Weisz, O’Neill, & O’Neill, 1975).
While many instruments have been used within chemical education research to measure
spatial ability of students enrolled in chemistry courses, two are of specific interest in relating FDI,
spatial ability, and information processing. Each of the two instruments described hereafter
measure a subjects’ ability to dis-embed and restructure information in the spatial domain. The
Hidden Figures Test (HFT), developed by Ekstrom, French, Harman, & Dermen, (1976), has been
used to study subjects’ progressive understanding of the spatial-coordinate system. The HFT is one
of a class of tests measuring constructs related to field dependency and the ability to identify or
detect a known pattern that is hidden in other distracting material (Ekstrom, French, Harman, &
Dermen, 1976). With tests like the HFT, participants must search a complex object to identify
which one of five simple geometric shapes was included within the complex field. This test
distinguished a tester’s ability to analytically interpret information in its presented form and to use
that form to “separate the relevant information from the contextual field” (Stansfield, & Hansen,
1983).
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The Purdue Visualization of Rotations Test (PVROT) was developed by Bodner and Guay
(1997). This test specifically minimizes analytical processing that is often needed to answer test
items related to spatial ability by strictly enforcing a 10-minute time frame for the administration
of the 20-item test. This time limit allowed the test to focus on measuring a processing strategy
known as gestalt processing that “occurs when an individual forms and transforms visual images
as an organized whole” (Bodner & Guay, 1997, p. 7). The PVROT in its current version consisted
of 20 questions designed to see how well a subject could visualize the rotation of threedimensional objects. In it, subjects were presented as an example where an image of an object
before and after a rotation in portrayed. Participants then have to select from five drawings to
illustrate the same rotation of a new object.
Spatial ability and FDI were far more frequently represented in research studies from the
perspective of psychology than chemistry, but were useful nonetheless. Using a test-retest design,
one psychology-based research study investigated a learner’s performance solving problems
involving spatial coordinates to establish a relationship between FDI designation and the ability to
make accurate predictions about spatial coordinates (Hicks & Lindgren, 1985). Most interestingly,
the study utilized two instruments to assess FDI. A variation of the Group Embedded Figures Test
(GEFT), a test very similar to the HFT, was used to account for student FI tendencies, while an
object placement test was used to indirectly measure a participant’s FD level as well as spatial
coordinate judgement. The authors found that the scores on the GEFT and object placement test
had a negative correlation, as they expected (Hicks & Lindgren, 1985). The authors concluded that
while life experiences and practice with visual representations might influence the ability to
successfully orient shapes and objects within an image, FDI and spatial ability were closely linked
to one another.
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A research study from the field of computer science also had implications for the use of
visual representations in science classrooms. Over the span of three years, Lee, Cheng, Rai, &
Depickere (2005) studied 217 first-year undergraduate students enrolled in an information
technology course which introduced students to multimedia found on the internet, and the uses of
that media in student-created simulations, animations, and videos. The FDI classification for this
study was determined through a questionnaire developed from characteristics of FD and FI traits,
and other characteristics related to learning approaches and the level of control learners have over
their own learning experiences were also measured. Additionally, each participant’s approaches to
and comfort level with the use of multiple tools (i.e. website links) for learning were measured.
The authors determined that FD learners approach using tools in the hypermedia environment
globally, and navigate hypermedia environments through a highly supported linear progression. FI
learners are better able to analyze information presented to them, will rely on nonlinear approaches
to navigate hypermedia environments, and feel comfortable and confident doing so (Lee, Cheng,
Rai, & Depickere, 2005). In a chemistry setting, this would translate to FD students accessing and
working through a PhET simulation in a step-by-step progression often generated by the teacher
while a FI student would access the simulation and click on aspects of the simulation that interest
them first without regard to written instructions. Through correlation studies and tree-regression
techniques, the authors determined that the FDI significantly impact computer students’ choices in
how they navigate through assignments that require information gathering via the internet.
Additionally, they concluded the development of hypermedia-based learning systems must take
into consideration learners’ preferences, abilities, and characteristics “in order to enrich the quality
of education for all students” (Lee, Cheng, Rai, & Depickere, 2005, p. 14). Accordingly, chemistry
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instructors who relied heavily on computer simulations, animations, or videos as teaching tools
should be aware of these same learner preferences, abilities, and characteristics.
Pallrand and Seeber (1984) conducted a research study to measure first-year undergraduate
physics students’ achievement as related to scores on visual-spatial abilities tests. Here, three
physics faculty taught students through one of three methods: (a) using spatial interventions as
well as normal lecture and labs (i.e. the experimental group), (b) using lectures on the history of
physics along with normal lectures and labs (i.e. the placebo group), and (c) using only normal
lectures and labs (i.e. the control group). A fourth group of liberal arts/non-physics enrollees were
used to measure carryover effects of the pre-test/post-test design. A total of seven visual-spatial
tests were used to measure perception, spatial orientation/rotation, and spatial visualization with
pattern prediction. Results indicated that while all groups registered gains in visual-spatial abilities
over the course of the experiment, the greatest gains were achieved by students who received
spatial intervention instruction. The authors speculated that minor gains could be attributed to the
methods of teaching inherent to abstract science courses like physics and that the learner’s
cognitive skills related to spatial ability will improve with repeated exposure to these methods of
teaching. Pallrand and Seeber (1984) concluded that “the processes associated with spatial-visual
thought appear to be closely related to those involved in data analysis as well as to those utilized
in abstract representations” (p. 515).
The studies previously mentioned served to inform the teacher about how students of
differing field dependency classifications and/or varying spatial abilities interacted with and
internalized information presented in the context of learning with models. Science educators
should strive to create lessons and use models in such a way that preferences regarding how
information is presented and/or practiced with does not impede chemistry learning. To further
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understand how educators can ensure equitable learning opportunities for these seemingly equally
capable students who approach learning so differently, it was necessary to further discuss how
learning occurs.
The Process of Learning
According to Piaget (1967), individuals are able to make meaning of a new experience in
relation to what they already know and understand. In an effective educational setting, a student
would see or take part in a discrepant event that would spark their interest and cause them to
question what they know. This event creates cognitive conflict and ultimately can lead to
conceptual change in understanding of the material presented (Kang, Scharmann, & Noh, 2004).
The use of conceptual models and model-based instruction in the chemistry classroom often
provides the cognitive conflict necessary to facilitate learning something new. Additionally,
educators employing model-based practices serve as the more capable other (Vygotsky, 1978 as
cited by Harland, 2003) from which learners can gather information used to create, evaluate, and
revise models of the concepts being studied. These modeling educators also create the culture
within the classroom that motivates learners to interact with others so that knowledge can be coconstructed while the learners is in the zone of proximal development, while also scaffolding more
simple, guided tasks so that learners experience success and are able to do the more complex skills
needed to master the overall task (Vygotsky, 1978; Wood, Bruner & Ross, 1976). In addition to the
opportunities to practice with models and the quality of the visual representation used to instruct
learners, the ability of a learner to accurately interpret and rework a visual image was highly
correlated with working-memory performance and other aspects that comprise information
processing models (Evans, et al., 2013; Johnstone, 2006). Consequently, FD learners may struggle
with tasks involving visual representations not only because they were more susceptible to
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misconstruing visual representations, but they may also experience a cognitive overload when
multiple modes of representation were used together (Evans, et al, 2013, p. 217). Information
processing models need to be further explored to better understand why the performance of
students within the same class might vary so much.
Information Processing Models. Information processing models (IPM), first developed
in the 1950s, sought to explain how learners’ observations and novel experiences were transformed
via processes related to memory, cognition, and thinking to allow for new knowledge acquisition
(Schraw & McCrudden, 2013). In this model, the brain functioned in a similar manner as a
computer—that is receiving inputs, processing the input, and delivering an output. In an article
describing IPM, Schraw and McCrudden (2013) detailed how the components of IPM work to
form new knowledge. By this model, learning began at the sensory memory level, the temporary
register of inputs we sense. Up to 5-7 units of discreet data can be acknowledged by the brain at
any given time. These data were processed very quickly, and if deemed stimulating or interesting,
the data was transferred to the working memory, otherwise it was forgotten or discarded. In
working memory, also called short-term memory, data were chunked into meaningful units or
otherwise processed. Information in working memory can be lost due to interference, decay, or
retrieval failure. Information that remained in working memory is rehearsed or deeply processed
before being sent to long-term memory. Long-term memory stores both inactivated memories, and
activated memories that it sends back to the working memory for further processing and rehearsal
(Schraw & McCrudden, 2013).
Through the work of Johnstone (1991, 1993, 2006) and researchers in science education
that began at the University of Glasgow in 1969, much is now known about the approaches
chemistry students use to think about and process information in a high school and college
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classroom settings. Johnstone’s group postulated that since working memory capacity is finite, if
too much information was presented to a student at one time, a neurological overload would occur.
This would result in an unsuccessful learning event where little to no new scientific information
would be processed or learned by the student (Johnstone, 2006). Out of a body of research spanning
several decades, Johnstone’s group was able to develop an information processing model that
explained how factors such as working memory, field dependence/independence, question/content
complexity, use of vocabulary, and exposure to the laboratory setting either enhanced or hindered
a student’s ability to learn chemistry concepts, especially through the use of visual representations
(Johnstone, 2006).
The idea of neurological overload in information processing models is also present in
cognitive load theory (Sweller, 1988), and helped explain why learners of all abilities and cognitive
styles often encountered difficulties learning new material. First studied in association with
problem solving, cognitive load (CL) is a measure of the mental effort required to process
information within short-term memory. Three types of cognitive load which combine to form the
total CL for a learner are summarized in Table 5.

Table 5. Summary of Factors Affecting Cognitive Load Theory
Type of Cognitive Load (CL)

Definition

Relation to Instructional Design

Intrinsic

The inherent level of difficulty associated with a
specific topic under study

Is naturally present and cannot be
altered by the instructor directly; due to
the complex nature of the topic itself

Extraneous

The level of difficulty experienced by the
learner due to the manner in which the topic is
presented

Is artificially introduced by the
instructor; can be lessened through
scaffolding and the omission of
nonessential information

Germane

The level of difficulty associated with
processing information and the construction and
automation of schemas.

Can be manipulated by the instructor;
can be enhanced through instructional
practices that call attention to the
processes directly related to the creation
of schemas

48

Type of Cognitive Load (CL)

Definition

Relation to Instructional Design

Note. Adapted from "Cognitive load during problem solving: Effects on Learning," by J. Sweller, 1988. Cognitive Science 12(2),
pp. 257-285. Copyright 1988 by Cognitive Science Society, and “Cognitive Load Theory and the Format of Instruction,” by P.
Chandler and J. Sweller, 1991. Cognition and Instruction, 8(4), 293-332. Copyright 1991 by Informa UK Limited.

Management of CL is what, ultimately, caused information to be lost from or retained in
working memory. Chandler and Sweller (1991) posited that instructional design strategies should
be used that best manage intrinsic CL, minimize extraneous CL, and maximize germane CL. In
chemistry, visual representations and conceptual models are used by both the instructor and the
learner to effectively manage the total cognitive load associated with content under study. It is of
importance to note that Sweller (1988) concluded that conventional problem solving techniques,
like those used in stoichiometry or kinetic-based calculations, imposed a heavy cognitive load that
often did not lead to schema acquisition. Chandler and Sweller (1991) concluded that “more
emphasis should be placed on worked examples, rather than conventional problems or exercises”
(p. 331). In addition to math-based problems, these worked examples could be a representation or
model in which students evaluated concepts that are present and/or missing from the representation.
Such instructional practices would support the creation of schema in students identifying at
different levels of spatial ability and/or those of differing information processing preferences.
Supporting the idea that instructional practices can help or hinder students learning,
Johnstone and Al-Naeme (1991) analyzed results of Wilkin’s field dependence test (FD/FI test),
Digital Span Backwards Test (DSBT), and students’ scores on traditional chemistry tests. The
analysis indicated that student performance increased as scores on the DSBT increase, as well as
when scores on FD/FI reflected a more FI perspective. In essence, FD learners with low working
memory space consistently performed poorly on assessments, and FI learners with high working
memory space consistently outperformed all other test takers. Scores on chemistry exams were
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nearly equal and of a moderate value when scores on the DSBT or FD/FI test were inversely related
(Johnstone & Al-Naeme, 1991; Johnstone, 2006). The authors concluded that performance on
chemistry tests could be improved if the way information was presented to students was done in a
more thoughtful manner regarding the processes involved in gaining knowledge. Students should
be primed for learning new content by being reminded of what they already know so that when
new material was presented they will realize its importance and transfer those sensory inputs to
working memory, where continued meaningful exposure to the content with allow them to rehearse
with the information, encode it, and transfer it to long-term memory so long as information is
presented in a way that avoids cognitive overload (Johnstone & Al-Naeme, 1991).
For the learner to be able to successfully encode information and move it from the working
memory to long-term memory, frequent and rich opportunities for learning about the content and
its uses are essential. Meaning making of experiences in a social setting like the collaborative
groups used or inquiry-based instruction or the traditional lab partner pairings in chemistry class
often allowed for an even more impactful opportunity to learn because situated cognition allows
for learning in context and with the support of others (Brown, Collins, & Duguid, 1989). “A
concept, for example, will continually evolve with each new occasion of use, because new
situations, negotiations, and activities inevitably recast it in a new, more densely textured form”
(Brown, et al., 1989, p. 33). Skills needed to learn new content are often equated to tools in a
toolbox (Burton, Brown, & Fischer, 1984; Brown, et al., 1989). The tools themselves are
constructed from the culture surrounding the tool collector, in that they “reflect the cumulative
wisdom of the culture in which they are used and the insights and experiences of individuals”
(Brown, et al., 1989, p.33).
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A brief review of research in psychology is needed to explain how working memory can
be affected by information processing preferences and student metacognitive awareness. For
example, in a psychology research study (Jia, et al, 2014), the information processing methods of
FDI were investigated by comparing performance of FD and FI participants on a visual working
memory process. The study concluded that FD and FI participants processed information presented,
especially distractor information, differently. The FD participants were less able to filter out taskirrelevant items, meaning that their inability to identify and disregard irrelevant information led to
a decreased mental capacity for FD participants when experiencing high-cognitive memory load
conditions (Jia, et al, 2014). Educational technology-based research often investigated information
processing along with FDI to determine how effectively learners processed and acquired
knowledge using multimedia from computers and other technology-based instructional practices.
A review of such studies by Rittschof (2010) concluded FDI was linked to information processing
because “FDI reflects the efficiency in the operations of the central executive system and the
visuospatial sketchpad” (p. 103) of working memory. FD students were at a disadvantage in classes
that presented information via multimedia instruction, especially “when the use of tools, visuals,
or measures of learning involved greater cognitive demands” (Rittschof, 2010, p. 106).
Conclusions from the review of over 20 research studies in the field follows (Rittschof, 2010):


differences in FDI mean that students will learn content at different rates and
often need different pathways with varying levels of support to reach identical
levels of mastery



complex, detailed images or highly interactive multimedia tools used in teaching
are likely to hinder the information processing ability of FD learners while having
either no or positive effects for information processing in FI learners
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too much freedom in student choice of how information is presented to different
FDI learners is not likely to lead to increased learning outcomes for all students;
the FD learners will still struggle



instructor guidance through the pathways for learning via multimedia
instructional tools is required before, during, and after opportunities for student
engagement with the content



future multimedia instructional tools should be designed to have built-in training
features that support improved visuospatial working memory with regards to FDI
characteristics

Within chemical education research, FDI is most commonly studied through the lens of
instructional practices or in regards to assessment practices. For example, a chemical education
research study involving over 200 high school students in Greece explored both field dependence
and convergent/divergent cognitive styles related to student performance on assessments (Danili
& Reid, 2006). The five assessments covering atomic structure, periodic table and bonding, the
mole concept, solubility and solutions, and acid/base chemistry provided to participants in the
study were combinations of different formats: multiple choice, short answer, and structural
communication grid. Data from the study indicated when the short answer format was utilized on
a test, FI students were the most successful. This is in keeping with what is known about FI learners
and their ability to process information accurately (Evans, et al., 2013; Johnstone, 2006; Reiff,
1992). Due to their abilities, FI learners are able to lessen the cognitive load and better utilize their
working memory by making better use of both visual and verbal representations (Evans, et al.,
2013).
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One emerging method of instruction within chemical education that seems to integrate
information processing model and chemistry education and that has positive outcomes with FD
learners, especially, is learning progressions (LPs). LPs apply the ideas behind the information
processing model to chemical thinking, the “development and application of chemical knowledge
and practices with the main intent of analyzing, synthesizing, and transforming matter for practical
purposes” (Sevian & Talanquer, 2014, p. 10). LPs are a series of pathways that students travel as
they progress toward mastery of content and skills in chemistry, and represent “successively more
sophisticated ways of thinking about a topic” (Sevian & Talanquer, 2014, p. 11). These pathways
are created both passively by the student and intentionally by the educator in such a manner that
they are sensitive to the needs of individual learners and the styles, experiences, and cultural and
educational backgrounds they represent (Sevian & Talanquer, 2014). Since LPs seek to improve
chemical thinking, new ones are developed for specific bodies of scientific knowledge which may
or may not incorporate science practices but likely require some sort of visualization or
representation to communicate students’ current level of understanding. Methodologies for
creating opportunities for LPs can be achieved through utilizing the modeling process and/or
model-based instruction or inquiry, the use of computer simulations (Merritt & Krajcik, 2013; Ngai,
et al., 2014), or structured teaching questioning activities (Khan, 2008). LPs represent a new
addition to the body of research on how students gain knowledge within the science classroom.
LPs fit well into the information processing model that has been known since the 1950s, and offer
a support in the decision to include visual representations within the instructional materials used
to teach the content.
Cognitive load theory, information processing models, learning progressions, and other
explanations of the processes surrounding learning are useful tools for educators in the classroom.
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These explanations drive all manner of decisions educators must make regarding how lessons are
sequenced, which activities or experiments are selected, and which details are emphasized within
a lesson plan. Equally important to the educator’s understanding of how learning happens is a
student’s awareness of their own knowledge and level of understanding related to the information
presented within a lesson. This awareness is referred to as metacognition. It influences many of
the decisions of and actions by the learner when exposed to new concepts, it allows for conceptual
change, and is regarded as fundamental in students’ achievement of “deeper, more durable, and
more transferable learning” (Rickey & Stacy, 2000, p. 915).
Metacognition and Metacognitive Skills. Metacognition can be thought of as “the
processes used to plan, monitor, and assess one’s understanding and performance” (Chick, 2017,
para 1). In essence, metacognition is a person’s ability to critically analyze their own thinking.
Metacognition facilitates nearly all aspects of oral and written communication and comprehension,
as well as in “language acquisition, attention, memory, problem-solving, social cognition, and
various types of self-control and self-instruction” (Flavell, 1979, p. 906). It is important to note
that metacognitive skills “are empirically distinct from general intelligence, and may even help to
compensate for deficits in general intelligence and/or prior knowledge on a subject” (Lai, 2011,
p.5). Learners with little content knowledge but with well-developed metacognitive skills can often
arrive at the correct answer to a problem when learners with high levels of content knowledge but
poorly-developed metacognitive skills might generate incorrect answers instead (Rickey & Stacy,
2000). Learners who are metacognitively aware are more strategic in in how they approach
educational tasks, as well as how they sequence problem solving and monitor their own
understanding and mastery of content. Metacognitively aware students are more successful than
their unaware peers (Mokhtari & Reichard, 2002; Schraw & Dennison, 1994).
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Flavell (1979) described the development of metacognitive skills as experiences with four
classes of phenomena (summarized in Table 6). Each of the classes of phenomena was described
in reference to a cognitive enterprise which is, simply, a learning event. Metacognitive knowledge
can be thought of as the awareness of one’s self and one’s skill set in context with others who
might also be engaged in the same learning event. Metacognitive experiences were those
opportunities within the learning event to use logic, reason, and past knowledge to learn something
new. Goals were frequently the learning objectives handed down by the teacher or the driving
question that leads one to engage in self-directed research. Actions represented the behaviors,
strategies, and sequences of skills learners employ during a learning event to achieve the goals set
before them. Each of the classes of phenomena influenced one’s ability to acquire insights and
learn from the other classes. For example, metacognitive knowledge could be changed by the
learner’s metacognitive experience by adding to it, removing it, or revising it (Flavell, 1979).
Further, metacognitive experiences could reinforce strategies that would enable the learner to
utilize specific behaviors or make them aware of certain processes that can increase success when
attempting a particular goal or task. Specific strategies to achieving a goal may only become known
to a learner when he/she had the chance to work with other students and realize that the other
student’s ability to process information was more advanced or accurate than his/her own.

Table 6. Classes of Phenomena Affecting the Development of Metacognitive Skills
Class of Phenomena

Description

Metacognitive Knowledge

The knowledge or beliefs about how any combination of the following factors act on or interact
with one another to affect the plan of action and the ultimate success of any cognitive
enterprise:

one’s self and other people’s ability to process information,

prior knowledge of a topic or process

the task at hand and the amount and quality of information available during the
completion of that task, and/or

the strategies that ought to be used to achieve a goal
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Table 6, continued
Class of Phenomena

Description

Metacognitive Experiences

Any cognitive enterprise in which one is aware of his/her level of understanding and the degree
of progress and success possible (i.e. when metacognitive knowledge becomes conscious
thought); Metacognitive experiences may:

vary greatly in amount of time required for completion

be generated by self or by others

be simple or complex

activate strategies to gain content knowledge or gain insight about processes
necessary to learn the content

Goals/Tasks

Actions/Strategies

The intended outcome of any metacognitive experience which is influenced by the following:

pacing/the amount of time allowed for the learning event

the amount of previous knowledge and new information provided in the learning
event

the quality/accuracy of the learner’s prior knowledge

how familiar/unfamiliar the learner is with what he/she is being asked to do

Any set of behaviors or actions that are employed by the learner to achieve a goal;
actions/strategies may be any combination of the following:

reflection on prior experiences with the same or similar goals/tasks

evaluation of past success regarding a goal/task

sequencing of steps needed to achieve the goal

generation of questions to foster greater/more accurate understanding of facts or
processes that can lead to goal achievement

Note. Adapted from "Metacognition and Cognitive Monitoring: A New Area of Cognitive-Developmental Inquiry" by J. Flavell,
1979. American Psychologist 34(10), pp. 906-911. Copyright1979 by the American Psychological Association, Inc.

Cognitive monitoring and metacognition are age and experience dependent (Flavell, 1979).
Young children may only have the metacognitive knowledge to realize that they do or do not
understand a concept. Older students also possess the ability to realize whether they do or do not
understand a concept, but also have engaged in enough experiences to realize why they might not
understand a concept. These older students are likely equipped with strategies (i.e. questioning self
or others, knowledge of a sequencing needed for problem solving, etc.) to address inaccuracies
and missing knowledge.
Advanced age and experience provide the opportunity to acquire different skills and
strategies associated with the two categories of cognition, knowledge of cognition and regulation
of cognition. As detailed in Table 7, these skills and strategies are sub-processes that either foster
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the learner’s ability to reflect on their own thinking (knowledge about cognition) or control factors
that affect learning (regulation of cognition) (Schraw & Dennison, 1994). Factors that align to
knowledge about cognition are those that affect the learner’s ability to know and understand facts,
procedures, and when and how to use what they know. These factors are often modeled by the
teacher in the traditional, lecture-based classroom and represent vocabulary, governing laws, or
patterns for setting up and solving the math–based problems found in science. Often students are
able to memorize these words or processes without any true understanding of the underlying
science concepts upon which they are built.
Regulation about cognition factors are those planning, information management, global
reading, problem-solving, and support strategies that help in situations where the content or
process is novel for the learner, such as in inquiry or model-based instruction. These factors often
force the learner into a more active role. They are less tangible or formulaic and, from this
researcher’s perspective, take longer to develop in learners. Skills and strategies from both
categories of cognition are important for allowing the learner to switch between the tasks of
listening, monitoring, interpreting, evaluating, and remembering within the course of a lesson (Lai,
2011; Martinez, 2006).
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Table 7. Major Components of Metacognition
Category of
Metacognition
Knowledge
about Cognition

Regulation of
Cognition

Component Factor

Description

Declarative
Knowledge



Procedural
Knowledge

 The application of knowledge for the purposes of completing a procedure or
process
 Knowledge about how to implement learning procedures (e.g. strategies)
 Requires students know the process as well as when to apply process in
various situations
 Students can obtain knowledge through discovery, cooperative learning, and
problem solving

Conditional
Knowledge

 The determination under what circumstances specific processes or skills
should transfer
 Knowledge about when and why to use learning procedures
 Application of declarative and procedural knowledge with certain conditions
presented
 Students can obtain knowledge through simulation

The factual knowledge the learner needs before being able to process or use
critical thinking related to the topic
 Knowing about, what, or that
 Knowledge of one’s skills, intellectual resources, and abilities as a learner
 Students can obtain knowledge through presentations, demonstrations,
discussions

Planning



Planning, goal setting, and allocating resources prior to learning

Information
Management
Strategies



Skills and strategy sequences used to process information more efficiently
(e.g., organizing, elaborating, summarizing, selective focusing)

Comprehension
Monitoring




Assessment of the purpose of the information presented
Requires students to set purpose for reading, activate prior knowledge, make
decisions in relation to what to read closely, use context clues, and use other
textual features to enhance comprehension skills

Debugging Strategies




Strategies used to correct comprehension and performance errors
Requires students to read slowly and carefully, visualize information read,
and guess the meaning of unknown words or visual aids

Evaluation Strategies




Analysis of performance and strategy effectiveness during a learning episode
Requires students to take notes while reading, paraphrase text information,
revisit previously read information, ask self-questions, and use reference
materials as aids.
Note. Adapted from "Assessing Metacognitive Awareness" by G. Schraw and R. Dennison, 1994. Contemporary Educational
Psychology 19(4), pp. 460-475. Copyright 1994 by the Academic Press, Inc; and “Assessing Students' Metacognitive

Awareness of Reading Strategies” by K. Mokhtari and C. Reichard, 2002. Journal of Educational Psychology,
94(2), p. 249.

Visualization and Metavisualization. When discussing learning in chemistry, specifically,
additional metacognitive skills are paramount for student success. Visualization and
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metavisualization skills were also required because of the prevalent use of visual representations
in teaching the course (Locatelli, et al., 2010). Visualization has many meanings when discussed
in the contexts of educational psychology and science education research (Locatelli, et al., 2010),
and have been described as any image that conveys understanding or meaning of a concept. These
images may be internal, that is a mental model based on information stored in the individual’s long
term memory that can be used in problem solving, decision making, and the evaluation of new
information (Locatelli, et al., 2010). Visualizations may be external instead, meaning they are
present in the public domain (Gilbert, Reiner, and Nakhleh, 2008). These are the drawings, graphs,
diagrams, animations, and the like provided by a more knowledgeable other (i.e. the teacher,
textbook, website, etc.) to teach concepts. Visualization can, alternatively, be described as the
spatial skills and cognitive processes used to create, understand, and attribute meaning to an
internal representation (Gilbert, et al., 2008). Here, visualization was an action a learner goes
through to construct or make sense of an internal representation in the learning process.
Metavisualization is “a process to monitor and regulate the internal representations of the
individual” (Locatelli, et al., 2010). Metavisualization shares many conceptual elements with
metacognition, but is specifically concerned with the development of spatial intelligence as it
relates to “monitoring, controlling the acquisition, retention, retrieval, and modification of an
image” (Locatelli, et al., 2010, p. 80) in the context of the construction of chemistry knowledge.
Metacognitive skills may be less subject or discipline specific than metavisual skills, and can be
utilized at all grade levels to reinforce habits and behaviors that can lead to increased motivation
and increased understanding of processes like reading (Mokhtari & Reichard, 2002). Many
metavisual skills are not necessary or appropriate for use with very young students or by those
learning through techniques that do not use visual representations. Metavisual and metacognitive
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skills are linked in that they represent abilities and behaviors necessary to work with and learn
from internal representations. For the purposes of this study, I will include metavisualization, the
process of visualization, and metavisual skills associated with those processes in the more general
context of “metacognitive skills,” “metacognitive abilities,” and “metacognition.”
The overarching usefulness of metacognition in the classroom setting is that is allows
students to be more responsible for their own learning. The skills and processes that need to be
developed in order to acquire a metacognitive awareness are ones that the student will develop in
part by comparing their own understand with that of their classmates. Metacognitive awareness is
also facilitated by repeated, direct instruction from a teacher. “Teachers can promote this awareness
by simply informing students about effective problem-solving strategies and discussing cognitive
and motivational characteristics of thinking” (Mokhtari & Reichard, 2002, p. 250). The process of
modeling offers a method by which to combine opportunities for both direct instruction from the
teacher and learning from peer interaction. A DePaul University teaching guide (2017) suggests
activities for metacognition that align well with processes included in modeling and model-based
instruction. These metacognition-promoting activities, presented in Table 8, are those that a) offer
equal opportunities for participation to all students, b) are student-centered, c) take place at varying
points within the instructional design (before, during, and after the experience) and d) happen
because of students interacting with peers in different grouping arrangements. Each of these
characteristics are also central tenets of model-based instructional practices.
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Table 8. Correlation between Metacognitive Activities and Model-based Instructional Practices
Activities for Metacognition
The learner identifies his/her prior knowledge of a
concept or topic
The learner articulates his/her prior knowledge

Correlation to Model-based instructional practices (i.e. “modeling”)
Creation of a preliminary/initial model of a science concept

The learner communicates knowledge, skills, and
abilities to a specific audience

Explanation of initial and (later) revised models to others (the
teacher, a small group, the entire class, etc.)

The learner sets goals and monitors progress,
identifies and implements effective learning
strategies, and evaluates and revises own work

Creation of new model based on experiences, instruction, and/or
new understanding of concepts related to a phenomenon

The learner transfers learning from one context to
another.

Evaluation of existing conceptual models for strengths/weaknesses
and/or in the creation of a new model because of changes in the
parameter governing the original model (i.e. a change in
temperature, amount of matter, pressure, volume, etc.)

Note. Adapted from "Activities for Metacognition" by DePaul Teaching Commons, 2017. Copyright 2017 by the DePaul
University.

Teaching chemical kinetics to advance high school chemistry students can be difficult for
many reasons. Differences in learning preferences, spatial abilities, previous coursework, maturity,
mathematical abilities, and metacognitive awareness influence a student’s ability to learn. It is
imperative that these factors are reviewed within the context of each other and thoughtfully and
carefully considered by educators. The teaching strategies and experiences adapted for use with
students whose ability levels and preferences vary are what ensure all students enrolled in
chemistry courses have the opportunity to be successful when learning the abstract concepts of
chemical kinetics.
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CHAPTER 3: METHODOLGY
Much research exists to demonstrate the positive outcomes in students’ conceptual
understanding and increased content knowledge from the use of model-based instructional
techniques in the classroom (Johnstone, 1991, 1993, 2000; Taber, 2013, 2014; Talanquer, 2011;
Treagust, Chittleborough, & Mamiala, 2002). Crucial information missing for the classroom
teacher and chemistry education researchers lies in two distinct areas. First, additional information
is needed to understand how model-based instruction affect the achievement and conceptual
understanding of students with differing levels of spatial ability and/or information processing
styles based on field-dependency. Gaps in the literature exist when considering a) the impact of
the student’s metacognitive awareness on achievement regarding content knowledge and
conceptual understanding of chemical kinetics and b) whether a student’s level(s) of metacognition
and/or metacognitive awareness is affected by his field dependency. Therefore, the purpose of this
study was to investigate the use of conceptual model-based curriculum with specific student
populations in conjunction with a chemical kinetics unit of study. Of particular interest was how
conceptual modeling influences the field dependent (FD) learner’s ability to acquire an
understanding of anchoring concepts in chemical kinetics, as well as that learner’s awareness of
their own learning.
Research Questions
This research study sought to gain insight related to how visual representations at the
macroscopic, symbolic, and particulate levels help or hinder students when learning chemical
kinetics concepts, and how aware students were of the degree to which these representations
affected learning. Several research questions were generated from the framework of this research
study, and are listed hereafter:
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1. How do students’ level of spatial ability and/or field dependency relate to their score on a
chemical kinetics content knowledge assessment?
2. How do students’ level of spatial ability and/or field dependency relate to their ability to
explain concepts related to chemical kinetics?
3. What is the relationship between scores on a chemical kinetics assessment and students’
metacognitive awareness related to aspects of knowledge of cognition and regulation of
cognition when learning chemical kinetics?
4. What is the experience of learning chemical kinetics through model-based instruction like
for a field dependent learner?
Research Design
A chemical kinetics unit represented in an Advanced Placement (AP) classroom should be
analogous to the content in the same unit of study in a first-year undergraduate chemistry course
(College Board, 2014), and kinetics concepts taught in a pre-AP class should introduce learners to
concepts they will learn in more depth in a second-year course. Chemical kinetics represents one
of the ten anchoring concepts in chemistry as outlined by the American Chemical Society Exam
Institute (ACS-EI) (Holme & Murphy, 2015). Common instructional practices used to teach
chemical kinetics allows the concept to be linked to two other anchoring concepts in chemistry,
which are a) Experiments, Measurement, and Data; and b) Visualization. Information relating to
scope and content of the three anchoring concepts of interest in this study are provided in Table 9.
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Table 9. Major General Chemistry Anchoring Concepts Addressed in this Study
Anchoring Concept

Enduring Understandings addressed in the study

VII. Kinetics: Chemical
changes have a time scale
over which they occur

A. Chemical change can be measured as a function of time and occurs over a wide range of time
scales.
B. Empirically derived rate laws summarize the dependence of reaction rates on concentrations of
reactants and temperature.
C. Most chemical reactions take place by a series of more elementary reactions, called the reaction
mechanism.
D. An elementary reaction requires that the reactants collide (interact) and have both enough
energy and appropriate orientation of colliding particles for the reaction to occur.
E. Catalysis increases the rate of reaction and has important applications in a number of
subdisciplines of chemistry.
F. Reaction products can be influenced by controlling whether reaction rate or reaction energy
plays the key role in the mechanism.

IX. Experiments,
Measurement, and Data:
Chemistry is generally
advanced via experimental
observations

E. Observations are verifiable, so experimental conditions, including considerations of the
representativeness of samples, must be considered for experiments.

X. Visualization: Chemistry
constructs meaning
interchangeably at the
particulate and macroscopic
levels.

D. Quantitative reasoning within chemistry is often visualized and interpreted graphically.

Note. The anchoring concepts listed are from "General Chemistry Anchoring Concepts Content Map" by T. Holme
and K. Murphy, 2012, Journal of Chemical Education, 89(6), 721-723. doi: 10.1021/ed300050q. Copyright 2012 by
the American Chemical Society.

As indicated by Table 9, measuring rate of chemical change, collision theory, and catalysis
are key kinetics concepts. These three concepts are commonly taught through the use of conceptual
models and visual representations. Further, these concepts represent foundational knowledge that
was likely taught in the pre-AP course to prepare students for the content at the AP or first-year
undergraduate level.
Method and Design. As previously noted, quantitative research studies involving high
school aged subjects within chemistry classes support the notion that field independent (FI)
learners outperform FD learners on achievement-based assessments, so a quantitative study on its
own would add little to the field. As such, this study was conducted through a mixed methods
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design in which qualitative data was used to support quantitative findings. Quantitative data was
collected through a pretest-posttest experimental design (Creswell, 2007). Data was used in this
study to measure student achievement in terms of changes in content knowledge and changes in
conceptual understanding. Further, quantitative data was used to identify and measure changes in
participants’ metacognitive awareness from pretest to posttest administration Qualitative data
collected through coding work samples from the unit and participants’ semi-structured interview
were used to establish concrete, detailed descriptions of students’ perceptions of learning kinetics
using conceptual models.
The study involved students enrolled in advanced chemistry courses (STEM AP, AP, and
Honors) at an academically rigorous high school. Descriptive information regarding the classes
involved in the study is included in Table 10. Honors and STEM AP students were mostly 10th or
11th grade students for whom enrollment in their respective classes represented the first time they
are learning chemistry as a subject. Students enrolled in AP Chemistry were mostly 11th or 12th
graders and for whom the course was a second year chemistry course. The total number of 112
students participated in this study, those for whom assent and consent documentation had been
collected through IRB protocol. Documentation related to assent and consent is provided in
Appendix A and Appendix B, respectively. The students ranged in age from 14-18, and were
enrolled in 9th-12th grades. Student transcript data confirmed these students had been enrolled in
primarily STEM-related courses throughout their high school careers, and most had been
consistently enrolled in advanced level science and mathematical course sequencing. These
students will likely take at least two AP-level science classes and at least one AP-level
mathematical course before graduating high school, which suggested a high motivation to succeed
in their classes and will later attend college. In fact, these participants represented the >90 % of
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over 600 graduating seniors who will enroll in two or four year colleges immediately upon
graduation (Mallanda, 2016). In addition to these characteristics, students participating in the study
were chosen because they have little to no exposure to chemical kinetics concepts and limited
exposure to model-based instructional practices. This limited exposure to modeling practices and
chemical kinetics topics allowed for a more authentic measure of how modeling affected the
learning process.

Table 10. Demographic Information of Classes and Students Involved in the Study
Course

Description
Age
Range

Class Year(s)
Represented

Previous experience in
chemistry

Previous experience in
advanced science courses

Honors Chemistry

15-18

10-12

none

Have successfully completed
one year of Honors Biology
or
are concurrently enrolled in
Honors Biology course after
completion of an introductory
Physics course

STEM AP Chemistry

14-15

9-10

none

Have successfully completed AP
Environmental Science

AP Chemistry

16-18

11-12

Completion of one year of
Honors Chemistry or
equivalent

Have successfully completed
one year of Honors Biology, one
year of Honors Chemistry, and
possibly one year of Honors or
AP level Physics (may also be
enrolled in AP PhysicsElectricity and Magnetism)

Data collection prior to the unit of study. Data related to this research study serve one of
two purposes. Data generated from two instruments, the Hidden Figures Test (HFT) and the Purdue
Visualizations of Rotations Test (PVROT), were used to classify and categorize the participating
subjects. Data collected from the Chemical Kinetics Multiple Choice Test (CKMCT) pretest were
used to establish a baseline measure of subjects’ conceptual understanding and content knowledge.
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Additionally, written explanations accompanying student responses on this assessment were used
to help the researcher more accurately determine the subjects’ level of metacognition as it relates
to knowledge of cognition and regulation of cognition. The data associated with chemical kinetics
reflects the Anchoring Concepts discussed earlier in Table 9 of this chapter. An item analysis of
how data collected correlates with the Anchoring Concepts has also been included in Appendix C.
Table 11 summarizes the timeframe associated with data collection throughout this study.
Approximately three weeks prior to the beginning of the instruction of chemical kinetics content,
students completed three pre-unit assessments (the HFT, PVROT, and CKMCT). The pretest
administration occurred during the third week of March 2017, and students completed all work
within the normal classroom setting during their regularly scheduled class.

Table 11. Timeframe of Chemical Kinetics Research Study Data Collection
Day of research study

Date

Activity

Purpose

Day 1 (before beginning
the kinetics unit of
study)

March 15, 2017

1) Hidden Figures Test (HFT)
3) Chemical Kinetics Multiple
Choice test (CKMCT), up to
3 of
the nine test items

(1) To establish groups
related to field dependence
for use during data analysis
(2) to measure student’s
initial content knowledge
of chemical kinetics

Day 2 (before beginning
the kinetics unit of
study)

March 16, 2017

1) Purdue Visualization of
Rotations Test
2) Chemical Kinetics Multiple
Choice test (CKMCT), 3 to 4
more of the nine test items

(1)To establish groups
related to field dependence
and/or spatial ability for
use during data analysis
(2) to measure student’s
initial content knowledge
of chemical kinetics

Day 3 (before beginning
the kinetics unit of
study)

March 17, 2017

Completion of outstanding
CKMCT test items

To establish groups related
to field dependence and/or
spatial ability for use
during data analysis

Days 4-5 (Days 1-2 of
kinetics unit of study)

April 5-6, 2017

Reaction of Blue Food Dye
with Bleach

To present a macroscopic
level of representation of
kinetics to students
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Table 11, continued
Day of research study

Date

Days 8-9 (Day 6-8 of
kinetics unit of study)

April 11-12, 2017

Days 12 (Day 11-12 of
kinetics unit of study)

Day 17 (Day 15 of
kinetics unit of study)

Activity

Purpose

Catalysis graphs and chemical
equations involving
homogeneous, heterogeneous,
and enzyme catalysts (POGIL
activity)

To present various
symbolic levels of
representation of kinetics
to students

April 17, 2017

Lego Lab-simulation rate via
assembling/disassembling Lego
blocks

To present particulate
levels of representation of
kinetics to students

April 24, 2017

1) Chemical Kinetics Multiple
Choice test (CKMCT),
2) Visual Representations in
Chemical Kinetics
Questionnaire

1) Post-test data; to
measure the change in each
student’s conceptual
understanding of chemical
kinetics
2) to collect data regarding
students’ perception of
visual representations and
metacognitive awareness
when using representations

On day one of the pretest assessments, students took the Hidden Figures Test-CF1 (HFT)
(Ekstrom, French, Harman, & Dermen, 1976) and responded to three to four questions of the nine
item Chemical Kinetics Multiple Choice Test (CKMCT). Subjects received CKMCT items 1-3, 47, or 8-9 to complete without viewing the other test items to mitigate concerns about testing fatigue
and the possibility of any one test item influencing responses to another test item. Further, specific
questions given to a participant were randomly distributed within each class. Day two of the pretest
assessments consisted of the Purdue Visualizations of Rotations Test (PVROT) (Bodner & Guay,
1997), as well as additional test items (up to the remainder of the test items for the participant)
from the CKMCT. Finally, day three was utilized to administer outstanding test items from the
CKMCT as needed.
The HFT was designed to measure the field-dependency (FDI) of a learner, and is available
from Educational Testing Service (ETS) for purchase. Since model-based instructional techniques
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were used to present content to the participants and participants were tasked with creating,
evaluating, and revising models presented to them during this study, it is important to understand
each participant’s underlying field dependency level. The test is an adaptation of the Gottschaldt
Figures type test, and was selected primarily due to its availability through Kennesaw State
University. The HFT is one of a class of tests measuring constructs related to field dependency and
the ability to identify of detect a known pattern that is hidden in other distracting material (Ekstrom,
French, Harman, & Dermen, 1976).
The HFT has been validated for use with students of age 8-16 (Ekstrom, et al., 1976) and
has been used within chemical education research to establish field-independence in secondary
chemistry students (Danili & Reid, 2006; Ekstrom, et al., 1976 Miyake, Witzki, & Emerson, 2001).
These measures established construct validity for the assessment for this study. Reliability for this
test was originally established using Kuder-Richardson coefficient calculations (KR20 = 0.76).
Cronbach’s alpha calculations were used to establish internal consistency for use with participants
in this study, and was found to be 0.553, a poor internal consistency measure.
The test is broken into two sections of 16 items each, and subjects are allowed 12 minutes
to answer each section. The HFT presents a list of simple shapes, five per page labeled A through
E. The format of the test is identical for each test item: below the list of simple shapes are seven
to nine complex figures. In each test item, students were tasked with determining which simple
shape from the list of choices could be found within the more complexly drawn figure. Four
introductory figures used as examples prior to HFT administration. The overall score on the
assessment was a tally of the number of items marked correct (Ekstrom, et al., 1976). Fieldindependence correlates to a higher score, field-dependence correlates to the lower the score on
the Figures Tests (Clark, Seat, & Weber, 2000; Danili & Reid, 2006).
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Participants’ spatial ability could affect the quality and amount of knowledge able to be
abstracted from the conceptual models used during this study, and was likely to be a factor in
overall student achievement in chemical kinetics. As such, it was important to have a measurement
of participants’ spatial ability prior to teaching chemical kinetics. For this reason, day two of
administration of pretests began with the Purdue Visualization of Rotations Test (PVROT)
developed by Bodner and Guay (1997). A meta-analysis of research on spatial ability in STEM
courses by Maeda and Yoon (2013) highlighted evidence supporting the notion that those with
high spatial ability outperform those of lower spatial ability in STEM courses. The PVROT is an
assessment suitable for those 13 or older. It measures spatial ability using the problem-solving,
critical thinking, and visual manipulation skills often needed to interpret and utilize information
presented in STEM-based courses (Maeda & Yoon, 2013). The PVROT version utilized for this
study is a 20 item multiple choice assessment with a 10 minute time limit consisting of both
symmetrical and asymmetrical figures representing 3-D objects for which all three dimensions are
drawn at full scale rather than foreshortening them to the true projections (Bodner & Guay, 1997).
The PVROT is one of the mostly commonly used tests of spatial ability in education research
related to STEM courses and “has been frequently cited as the strongest measure of spatial
visualization ability of mental rotation that most incorporates the holistic or gestalt [perception of
something as being more than the sum of its parts] spatial thinking process and least incorporates
the analytic or analogical spatial thinking process” (Black 2005; Branoff 1998; and Guay et al.,
1978 as cited by Maeda & Yoon, 2013). The PVROT was scored as the number of correct items
out of 20.
The test was designed to see how well a subject can visualize the rotation of threedimensional objects within a limited time frame. The types of rotations utilized in the test were
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those commonly used with particulate level representations of molecules and compounds in
chemistry, and involve the rotation of an object around more than one axis and rotations that result
in some portion of the object being hidden from view (Bodner & Guay, 1997). In the PVROT,
subjects are presented with an example of an object that has been rotated in a specific way in the
top line of the question and to select from among five drawings to illustrate the same rotation of a
new object. An example of a question on the PVROT appears in Figure 4.

Figure 4. Sample item from the Purdue Visualization of Rotations Test by G. Bodner and R. Guay (1997).
Copyright 1997 by Springer-Verlag New York, Inc.

The test was developed specifically for use within an introductory college level general
chemistry course. While measures for reliability and validity are available in the literature for use
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of the PVROT with college level students, both measures had to be reworked for use with the
sample population for this study. Construct validity was established when considering that the
PVROT is one of the most frequently used assessments for spatial ability in chemistry education
research. Cronbach’s alpha calculations were used to establish internal consistency for use of the
PVROT with participants in this study, and was found to be 0.530, a value that indicated poor
internal consistency for this group.
Upon completion of the HFT and PVROT, students spent a total of approximately 40
minutes (spanning portions of two to three class sessions) answering nine multiple choice
questions adapted from released AP Chemistry exams and American Chemical Society (ACS)
Chemistry Olympiad Local and National level tests. This assessment, the Chemical Kinetics
Multiple Choice test or CKMCT, was the primary source for data for the study. One sample item
from the CKMCT is provided in Figure 5. Each multiple-choice item was followed by two items
requiring a constructed response. These constructed responses were used to compare students’
initial knowledge, understanding, and perceptions of models (pretest) with their developed
knowledge, understanding, and perceptions (posttest), as well as to evaluate metacognitive
awareness and types of metacognition utilized to form participants’ responses before and after
instruction on chemical kinetics concepts. The CKMCT’s multiple choice items are widely
accepted as valid for use with high school and introductory college level students. The researcher
consulted with colleagues to address issues of face validity, and all reviewers agreed that the items
included addressed chemical kinetics concepts related to the topics of reaction rate, catalysis, or
activation energy. Cronbach’s alpha was used to establish internal consistency for use with
participants in this study, and was found to be 0.614, indicating there was a questionable internal
consistency for the instrument.
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6. Source:

American Chemical Society Chemistry Olympiad National Exam-Part I
Question 28 (2014) by the ACS DivCHED Examinations Institute, Iowa State
University, Ames, IA.

Explain your answer by providing reasons to support the claims you are making.
_____________________________________________________________________________________________________
_____________________________________________________________________________________________________
Consider the visual representation given for this question. Describe how this model helped you understand the topic
discussed in the question.
_____________________________________________________________________________________________________
_____________________________________________________________________________________________________

Figure 5. One item from the Chemical Kinetics Multiple Choice Test (CKMCT) designed by A. Edwards (2017)
using items from previous AP Chemistry exams, copyright 2017 by College Board; and ACS Chemistry Olympiad
tests. Copyright 2017 by American Chemical Society.

A full description of items used to construct the CKMCT is located in Appendix E. Past
Chemistry Olympiad and AP Chemistry exam items were carefully evaluated prior to inclusion on
the assessment so that the CKMCT might also address use of Johnstone’s triangle when teaching
kinetics. Each of the nine items on the CKMCT were categorized into the macroscopic, symbolic,
and/or particulate level of representation to create three subscores for content knowledge at each
representation level. Two experts in the field of modeling and model-based instruction joined the
researcher in coding CKMCT items based on Johnstone’s three levels of representation to establish
construct validity. All three evaluators were found to be in perfect agreement as to the
representation level utilized in each CKMCT item. The classification of each question is included
with the assessment in Appendix E. Two questions were classified as macroscopic, six questions
were coded for the symbolic level, and two questions coded for the particulate level. Question 1
coded for both macroscopic and symbolic levels, meaning data from this item were included in
both subscores.
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Data generated from the CKMCT is further described in Figure 6. Each question on the
CKMCT provided several separate sets of data for analysis. The CKMCT provided data for both
the content knowledge and conceptual understanding aspects of the study. By content knowledge,
the researcher is referring to the measure of the participant’s ability to select the correct answer on
a chemical kinetics multiple choice assessment. This measure might have been impacted by the
participant’s ability to accurately guess, which might skew the results. To mitigate this possibility,
a measure of the participant’s conceptual understanding (i.e. the participant’s reasons and rationale
for why a particular choice was selected) was also deemed necessary to this study.
Data used to assess participants’ content knowledge was collected by scoring correct
responses to the multiple choice items, for a maximum score of nine points. Responses to the
constructed response questions provided a data set for analyzing participant conceptual
understanding in formulating an answer for their selection of the response to each multiple-choice
item, understanding of the model provided in each multiple-choice item, and information related
to each participants’ metacognitive awareness of how to interpret the model presented or alluded
to in each CKMCT item. The measure of conceptual understanding was generated by scoring
participants’ CKMCT constructed responses with a scoring rubric.
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Figure 6. Explanation of data sets collected from the CKMCT pretest and posttest administrations. Data was used to
study participants’ overall understanding of chemical kinetics, as well as to study understanding when information
was presented using one of Johnstone’s three levels of representation.

A rubric for scoring participant responses was developed after consultation with two
other high school level educators familiar with advanced chemistry courses, chemical kinetics,
and conceptual modeling to establish the instrument’s construct validity. A sample set of student
responses was graded by the researcher and the other two teachers to ensure consistency in
scoring and clarify wording for each value on the rubric. As a result of this work, rubric codes
were created for two different aspects of conceptual understanding that could possibly be found
in participant responses: understanding of the chemistry involved in a particular item on the
CKMCT, and/or an understanding of the representation (graph, diagram, reference to particulate
diagram or lab experience, etc.) used to supply information for a CKMCT item. The rubric used
to score CKMCT pretests and posttests for conceptual understanding is provided in Table 12
along with exemplars for each score option. Conceptual understanding of chemistry content was
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scored on a 0-4 scale where “0” was used only if chemistry concepts were not addressed by the
participant in the answer and “4” indicating the response included both the correct explanation
including only correct vocabulary and concepts. Conceptual understanding of the representation
used was scored on a 0-3 scale where “0” was used only in cases where participants did not
mention the representation either directly or indirectly and “3” when the representation was
correctly and thoroughly explained in the response.

Table 12. Rubric for Scoring Conceptual Understanding on CKMCT
Conceptual
Understanding
(Chemistry)

Sample Response (CKMCT
Q1)

Conceptual Understanding
(Representation)

Sample Response (CKMCT
Q1)

0

blank or nonsensical
response

I chose C because it’s the
first letter of my name

No mention of
representation/phenomenon

Dilution, as in the definition,
means it is less strong

1

I guessed/I don’t
know/process of
elimination

I made a guess by looking at
the model

Wrong interpretation

 T=  absorbance
 T +  dilution =
 absorbance

One or two terms were
used, but used
incorrectly

If dilute=less
concentrated=less to
absorb=faster…?

One to three aspects of
representation/phenomenon
was mentioned and correct

the chart with the absorbance
rate as time goes on helps
with identifying that the
absorbance rate decreases
gradually with the passage of
time

3

One or two terms were
correctly used

If there is less C25H30N3+ per
unit volume there are fewer
chances for it to come into
contact with and react with
OH-.

Representation provided was
correctly and thoroughly
explained

The equation helps the
understanding of what
reaction is taking place. The
chart shows changes as time
continued, absorbance
decreased, therefore time and
absorbance have an inverse
relationship

4

Correct, thorough
explanation

The reaction rate would be
lower because it will take
more time for the C25H30N3+
to find an OH- particle to
react with since there are
more solvent particles in the
way

-----

------

Score

2
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Constructed responses on the CKMCT were additionally utilized to investigate the aspects
of metacognition participants used to formulate answers to the CKMCT. Student responses were
coded for declarative knowledge, procedural knowledge and conditional knowledge aspects of
metacognition which are all components of knowledge of cognition and for strategies related to
planning, information management, comprehension monitoring, debugging, and evaluation which
comprise the regulation of cognition aspects of metacognitive awareness. Responses indicating
declarative knowledge were those in which participants listed a chemistry or math-based fact,
defined a term, indicated they did not know the answer/guessed, or stated the model did not help
their understanding of the question asked. Procedural knowledge responses were those in which
the steps for solving a math problem or conducting a lab experiment, the procedure for reading a
graph, or other thought processes were explained to support the selection of a particular multiple
choice answer. Conditional knowledge responses were those that identified if-then statements or
analogies that led to a specific answer choice or procedure to follow. Responses that coded for
information management strategies were those that explained how aspects of a visual
representation facilitated organizing ideas from the CKMCT item or helped the learner selectively
focus on some important kinetics concept over others to arrive at an answer. Responses that coded
for comprehension monitoring were those in which participants reflected on how well they were
able to use procedures and/or knowledge to answer a CKMCT item. Debugging responses
identified strategies participants used to correct comprehension and performance errors, and
evaluation included an analysis of how previous actions or experiences led to the ability to
effectively use a strategy to answer a multiple-choice item.
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Data collection during the unit of study. The second round of data collection occurred
during a three-week period in April 2017 corresponding with the time the chemical kinetics unit
was presented to the participants. The treatments for the research study are outlined in Table 13,
and happened during a two-day window each week for the three-week unit. Data collected during
these treatment days were generated from selected FD students’ responses on paperwork
accompanying the treatment itself. This paperwork were completed during class to dissuade
participants from completing the assignment using help from the textbook or online resources
outside of the class setting.

Table 13. Treatment Design for Mixed Methods Research Study
Time
frame
within
study

Construct to
be tested

Group

Method of
Presentation

N1

Details about Treatment

Assessment

Macroscopic

Oxidation of Food dye with
bleach lab-students measure rate
of disappearance of food
coloring upon the addition of
different concentrations of
bleach with the aid of a
spectrophotometer

10 to 15 previous years’
released ACS Chemistry
Olympiad exam and/or
AP Chemistry multiple
choice questions on rate
of change

Week 1

Measuring
rate of
Chemical
Change

Week 2

Catalysis

N1

Symbolic

Catalysis graphs and chemical
equations involving
homogeneous, heterogeneous,
and enzyme catalysts through
POGIL

10 to 15 previous years’
released ACS Chemistry
Olympiad exam and/or
AP Chemistry multiple
choice questions on
catalysis

Week 3

Collision
Theory

N1

Particulate

Lego® Lab-simulation explores
factors affecting the rate of a
reaction via
assembling/disassembling
interlocking blocks

10 to 15 previous years’
released ACS Chemistry
Olympiad exam and/or
AP Chemistry multiple
choice questions on
collision theory
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Treatments were framed within the context of the chemical kinetics unit. Introduction and
completion of the treatments were based on the content under study and known best practices
regarding teaching chemical kinetics/science. The macroscopic treatment involved a laboratorybased assignment (Royal Society of Chemistry, 2009) in which students observed a phenomenon
then investigated how/why the phenomenon occurred through variable manipulation. This
treatment was conducted prior to any discussion on the relevant content. Paperwork related to the
experiment is readily available from the Royal Society of Chemistry’s online sources. The lab is a
common experiment using food dye and various concentrations of bleach. The bleach reacted with
the food dye, eventually causing the colored solution to turn colorless. A spectrophotometer
measuring the absorbance/transmittance of light was utilized to aid students in data collection. The
reaction was complete when the absorbance value was stable and close to zero. Questions relating
the experience in the lab setting with the time it takes for a reaction to occur were included to help
students make connections to the content.
The two treatments for the symbolic level of representation used in the study were
presented along with lecture notes, and were centered on a mathematics-based approach to deliver
content and reinforce the use of graphs and equations. Part two of the blue dye and bleach lab
allowed for the creation of a model via graphing. Once student data was manipulated into two
correct mathematical forms and graphed, students were instructed to match their results with
known graphs for zero, first, and second order rate laws. Here, students evaluated models of their
own creation to make sense of the chemistry concept under study. Later, a process oriented guided
inquiry-based lesson (POGIL) developed by Hanson (2010) was used to relate mathematical
relationships to the kinetics topics of activation energy and catalysis. The POGIL can be easily
found through an internet search. Students read and interpreted information provided to them in
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the document, then worked at their own pace to interpret graphs, and solve equations for variables
related to activation energy.
For the treatment involving the particulate level of representation, a laboratory activity
using Lego® blocks or other interlocking blocks/beads was used. The lab experiment, completed
prior to instruction on the topic, was adapted by the researcher from a Journal of Chemical
Education article by Cloonan, Nichol, & Hutchinson, (2011) and has been included in Appendix
F. The Legos were used to simulate particles involved in one of three chemical reaction scenarios
(a synthesis reaction, a decomposition reaction, and a reversible reaction), and allowed students to
gain insight about the requirements necessary for a chemical reaction to occur, as well as what
factor(s) might influence the speed of those atoms reacting with each other. Questions relating the
lab to collision theory and factors affecting reaction rate were included to help students make
connections to the content.
Data collection for the unit of study continued with the posttest administration of the
CKMCT at the conclusion of the chemical kinetics unit. The CKMCT provided data for both the
content knowledge and conceptual understanding aspects of the research study. By content
knowledge, the researcher is referring to the measure of the participant’s ability to select the correct
answer on a chemical kinetics multiple choice assessment. This measure might have been impacted
by the participant’s ability to accurately guess, which might skew the results. To mitigate this
possibility, a measure of the participant’s conceptual understanding (i.e. the participant’s reasons
and rationale for why a particular choice was selected) was also deemed necessary to this study.
The content knowledge measure was created by tallying the number of correct responses for the
nine questions. The measure of conceptual understanding was generated by scoring participants’
CKMCT constructed responses with a scoring rubric.

80

A third opportunity for quantitative data collection occurred when each student completed
a Likert scale-based questionnaire asking about metacognitive aspects of using representations
while learning chemical kinetics at the conclusion of the chemical kinetics unit (refer to Appendix
G for the questionnaire). This questionnaire, titled the Using Visual Representations to Learn
Chemical Kinetics Questionnaire or the VRCKQ, was adapted from surveys involving students’
metacognition related to reading strategies (Mokhtari & Reichard, 2002) and involving
metacognitive awareness (Schraw & Dennison, 1994). The VRCKQ, exemplified in Figure 7,
allowed participants to reflect on their thought processes while learning concepts in chemistry, and
to assess skills needed to correctly answer questions on the subject. Participants responded to how
likely they were out of a 5-point scale (5= strongly agree/always or almost always do this to 1 =
strongly disagree/never or almost never do this) to utilize specific mental processes when
attempting to answer questions or solve problems related to the topic of chemical kinetics.
The questionnaire addressed aspects of both the regulation of cognition and knowledge of
cognition, which have been described in chapter two as major components of metacognition.
Regulation of cognition focuses on aspects of planning, managing information, monitoring,
decoding, and evaluating thinking before, during, and after the learning episode (Schraw &
Dennison, 1994). Knowledge about cognition addresses learners’ level of understanding of their
own skills and intellectual resources, as well as when, how, and why to use those skills to work
with information presented to them (Schraw & Dennison, 1994). Scoring the questionnaire
involved tallying scores based on the aspect of cognition code (listed to the right of the Likertscale before the dash), as well as creating a subscore for items addresses the macroscopic,
symbolic, and/or particulate level of representation (the end of the code following the dash). A
scoring guide accompanied the questionnaire so that insight into specific metacognitive strategies
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students used could be determined. High scores in categories on the VRCKQ highlight the
strategies the respondents used often during the process of learning. Categories where the
respondent’s scores were low offered insight into strategies that the learner ought to learn about or
incorporate more frequently into their thinking about the process of learning.

Figure 7. Sample Items from (VRCKQ) with directions. Directions, explanations of terms, and four items from the
35-item Using Visual Representations to Learn Chemical Kinetics Questionnaire (VRCKQ) created by A. Edwards.
Adapted from Mokhtari, K., & Reichard, C. A. (2002). Assessing students' metacognitive awareness of reading
strategies. Journal of Educational Psychology, 94(2), 249; and Schraw, G., & Dennison, R. S. (1994). Assessing
metacognitive awareness. Contemporary Educational Psychology, 19(4), 460-475.

Reliability was established by field-testing the questionnaire on a group of 27 students who
had previously successfully completed in an advanced level chemistry course, and Cronbach’s
alpha was found to be 0.837. Face validity for the VRCKQ was addressed through this field testing
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as well as the 27 pilot study students were asked to comment on the wording of VRCKQ items for
understanding and clarity. Adjustments were made to address these comments. Additionally, the
questionnaire was shared with both high school and college teachers for feedback about wording
and whether the items measured both aspects of metacognition and topics related to chemical
kinetics. Further adjustments to wording, ordering, and coding of items on the questionnaire were
made until all agreed that the survey adequately addressed these topics.
To address the qualitative questions driving this research study, data was collected from
several primary sources. First, the CKMCT’s constructed response items from both the pretest and
posttest administration were used to assess students’ metacognition awareness and their thoughts
on the levels of representation associated with each test item. Next, during the treatments for the
study, constructed response portions of both the food dye lab and the Lego lab were used as
qualitative data in the study. The food dye lab questions required students to explain how their
experience and observations helped them learn about the speed by which reactions occur. The Lego
lab questions required students to reflect on the use of manipulatives to better understand particle
motion and factors involved in the formation of products in various chemical reactions.
Additionally, students were asked to draw and interpret particulate diagrams in the Lego lab.
Data Analysis. The pretest-posttest design was selected for a variety of reasons. The pretest
was given to the students during mid-March 2017, with the posttest near the end of April 2017.
The large gap in time helped reduce carryover effect, and ensured enough time existed for the
treatments to be made available to each participant before the posttest was administered. The whole
group instruction aspect of the design had many strengths as a research method, primarily by
allowing all students to receive the same number of treatments and the same amount of exposure
to each of the levels of representation commonly used in chemistry (Johnstone, 1991, 1993). The
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competitive nature of participants and their willingness to seek instruction outside the classroom
through private tutoring or internet-based research, also supported the use of the pretest-posttest
design because it reduced the variance of estimates of treatment effects and allowed for statistical
inferences to be made. Lastly, data collected in this research design allowed for comparison
between different groups, as well as within the same group.
All quantitative and qualitative data generated in the study were analyzed primarily by the
researcher. Quantitative data collected through the research study was analyzed using ANOVA and
Kruskal Wallis-H analysis test in SPSS software (IBM Corp., 2012) to determine whether any
particular treatment was responsible to high levels of student achievement, or whether a particular
group of students outperformed other groups on CKMCT as a whole or on a specific set of items
related to a particular level of representation. Additionally, CKMCT data and VKCKQ results were
analyzed to determine which aspects of metacognition students utilized to answer chemical
kinetics questions involving models. Constructed response items on the CKMCT, treatments used
to teach kinetics concepts, informal assessments during class discussions/lecture, and transcripts
from interviews served as artifacts that were coded for qualitative analysis purposes using a
phenomenological research design.
Qualitative data was coded primarily using ATLAS.ti 7.5 software (GmbH, 2014) in order to
analyze data for the phenomenological portion of the research study. A second coder was utilized for
independent coding to address reliability among codes generated in this portion of the study.

Phenomenology is a type of research design that focuses on the day-to-day occurrences in the
subject’s life and resulting perspective that is unique to the person experiencing them (Creswell,
2009; Merriam, 2009). This research design requires sustained engagement over an extended
period of time with a small number of participants so that patterns and meaning can be developed
from artifacts and observations collected (Creswell, 2009). The goal of any phenomenological
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study is to provide the opportunity for the reader to “see the worlds of others in new and deeper
ways” (Finlay, 2015, p. 2). The following key components for the researchers are essential to a
phenomenological study:



essence-the “basic, real, intrinsic, and invariable nature of a thing or its significant
individual feature or features” (essence, n.d.)



epoche-to suspend judgement or refrain from any conclusion for or against because of the
researcher’s viewpoint, prejudices, beliefs, or assumptions (Merriam, 2009)



bracketing-the process of setting aside the researcher’s own experiences so that those of
the study participants comes through in the analysis of data (Creswell, 2009)

Several levels of coding were involved in analyzing data for meaning so that a final
interpretation of data is possible. Table 14 provides the types and sequencing of coding utilized in
this research study. After open coding, axial and selective coding were used to find meaning and
patterns within the qualitative data. Additionally, triangulation methods were used to confirm the
findings between the qualitative and quantitative data. For this study, coding of artifacts began
with coding for aspects of metacognitive awareness, followed by coding for self-efficacy related
to chemical kinetics and modeling, and which level of representation participants discussed or used
within the context of answering assessment and/or interview questions. Students’ responses and
work samples were also coded for what the researcher felt was a unique perspective on learning
chemical kinetics by using conceptual models. Codes and frequencies of the codes that were
ultimately used to create the essential themes for this portion of the study. Each essential theme
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and the thematic statements that compose the themes will be presented with descriptive
expressions directly from the participants.

Table 14. Qualitative Coding Scheme for this Research Study
Sequence

Type of
Coding

Description

1st

Iterative
coding

A preliminary review of the artifact in which terms, phrases, and/or statements that
seem relevant to the research questions are highlighted or otherwise noted.
Additionally, any item that seems to be related to the researcher’s biases are also
noted (Bednall, 2006; Biddix, n.d.).

2nd

Open coding

An in-depth review of artifacts that have be initially coded to establish distinct
concepts or categories for further analysis. A table or outline in which headings
and subheadings link concepts and categories is generated (Biddix, n.d.)

3rd

Axial coding

An in-depth re-reading of the artifacts to confirm the concepts and categories
established during open coding and to ensure all relevant data has been coded
(Biddix, n.d.)

4th

Data reduction

“The process of selecting, focusing, simplifying, abstracting, and transforming the
data” (Miles & Huberman, 1994) that are generated in previous coding is
condensed for manageability and important themes.

5th

Selective
coding

The establishment of as few core categories, hypotheses, or propositions as is
possible for the data collected. This type of coding forces the researcher to further
create a few central themes around which important concepts can be grouped
(Merriam, 2009).

Data collected and analyzed in this research study serve three purposes. First, the data
enabled the researcher to evaluate the effectiveness of using particular conceptual models with
learner populations (field dependent, field independent, and field intermediate/mixed) found in an
advanced high school chemistry classroom. Second, analysis of the data allowed for the
opportunity to inform the chemical education research community regarding several important
students’ perspectives when using visual representations at the macroscopic, symbolic, and
particulate levels since student perspective on these topics are absent from the current body of
86

research. Lastly, analysis of the data allowed the researcher to inform the field of research
regarding the experience of field dependent advanced chemistry students learning chemistry
through model-based instruction. The research study provided insight into the decision-making
process that should accompany a teacher’s rationale for why, when, and how specific models are
used in an advanced science classroom.
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CHAPTER 4: RESULTS AND ANALYSIS- STUDENT ACHIEVEMENT

Both the use of conceptual models and instructional practices which include student
construction of models have become more common in the last several decades in high school
chemistry classes. As previously addressed, conceptual models comprise any visual
representation, manipulative, graph, diagram, mathematical equation or the like that aids a learner
in knowing, understanding, or examining content under study. While chemistry curricula based
solely on modeling has been developed and used by some (Posthuma-Adams, 2014), the majority
of educators are left to their own opinions with regards to which level(s) of representation and
which models should be used to teach particular chemistry concepts. It is important to evaluate the
effect of using models in their various modes of representation when factors such as a teacher’s
limited modeling experience and students’ differing spatial abilities and levels of field dependency
may influence the level of understanding and knowledge gained from models. Students’ ability to
answer questions correctly and the level of student conceptual understanding of content presented
via models are all important aspects of model-based instruction that need to be investigated to
ensure teachers employ equitable instructional practices to meet the needs of the students they
serve.
A significant amount of the quantitative portion of this study used pretest/posttest data
collected from a multiple choice-based assessment (CKMCT) to draw conclusions regarding the
use of conceptual models in a chemistry classroom of highly motivated advanced math and science
students. Students enrolled in these classes often show differences in levels of spatial ability and/or
information processing styles based on field dependency which could impact the effectiveness of
using conceptual models to teach content. The purpose of this chapter is to present the analysis of
data collected to address numerous research questions related to the performance of these differing
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student groups. Specifically, this chapter focuses on testing hypotheses in order to answer the
questions a) how do students’ level of spatial ability and/or field dependency relate to their score
on a chemical kinetics content knowledge assessment? and b) how do students’ level of spatial
ability and/or field dependency relate to their ability to express their understanding of concepts
related to chemical kinetics. The results presented in this chapter demonstrate the potential for
better understanding how students of varying information processing styles and spatial ability use
conceptual models to learn chemical kinetics.
Participant Demographics
One hundred thirty-three students were initially invited to participate in the study. This
pool of students was purposely selected because each student was enrolled in one of the
researcher’s high school advanced-level chemistry classes (i.e. Advanced Placement (AP)
chemistry, Advanced Placement STEM chemistry, or honors chemistry). As described in Chapter
3, students in the AP class were either 10th, 11th, or 12th grade students for whom the course was a
second year of chemistry. AP STEM students were 9 th or 10th grade students who have completed
AP Environmental Science, but who had never previously enrolled in a chemistry course. Like the
AP STEM students, those enrolled in honors classes had no previous course on the topic of
chemistry. Honors students are likely in 10th or 11th grade. By selecting participants from only this
group, the researcher was better able to ensure consistency in the presentation of information
measured by the study instruments, as well as to increase consistency of the data collection
methods. Parental consent was obtained from 128 students from the participant pool. One student,
however, elected to refuse assent to the study, making all research documents completed by the
student unusable. Of the 127 participants from whom assent and consent were obtained, 15
additional students only partially completed the pretest and/or posttest documents, thereby making
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the data from these participants unusable for pretest/posttest analysis. In total, a complete data set
was collected from 112 participants for this research study. The 112 participants represent 66
Honors Chemistry students, 23 AP STEM, and 23 AP Chemistry students. None of the participants
indicated having received instruction on chemical kinetics prior to the beginning of this study. A
total of 89 participants in the study, those from three Honors sections and from AP STEM, have
never enrolled in a chemistry course prior to their current placement.
Instruments
As outlined in Chapter 3, a total of three instruments were used to address the student
achievement aspects of this study: the Hidden Figures Test (HFT) (Ekstrom, French, Harman, &
Dermen, 1976), the Purdue Visualizations of Rotations Test (PVROT) (Bodner, & Guay, 1997)
found in Appendix D, and the Chemical Kinetics Multiple Choice Test (CKMCT) (American
Chemical Society, n.d, College Board, n.d.) found in Appendix E. Results from the HFT and the
PVROT served as grouping variables, allowing for categorizations of participants into three groups
based on participants’ field dependency and, separately, spatial ability. Answers to the CKMCT’s
nine multiple choice items served as data regarding content knowledge of chemical kinetics.
Responses to the constructed response items on the CKMCT provided data regarding the
participant’s conceptual understanding of both chemistry concepts and the model used in the
specific questions, as well as data regarding the participant’s metacognitive awareness.
Results
A total of five hypotheses were generated to test the quantitative research questions in this
study. These hypotheses were generated from the existing literature and the researcher’s
experience as a chemistry teacher, and have been correlated to a research question in Table 15.
Each hypothesis was generated from previous research and allowed for statistical testing of two
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mutually exclusive statements about the participants’ performance on assessments related to
chemical kinetics to determine which statement was best supported by the sample data. Statistical
testing in this study was conducted using SPSS 14 software (IBM Corp., 2012).

Table 15. Correlation Between Hypotheses Tested and Student Achievement Research Questions
Research Question
Q1: How do students’ level of spatial ability and/or
field dependency relate to their score on a chemical
kinetics content knowledge assessment?

Hypotheses used to answer research question
H1: Students will possess varying levels of field
dependency and spatial abilities, yet there is a
positive correlation between spatial ability and
field dependency.
H2: Posttest scores on the CKMCT will be higher than
pretest scores, and participants categorized as field
independent and/or as having high spatial ability
will outscore field dependent participants on both
pretest and posttest, especially those CKMCT
items which utilize the symbolic level of
representation.
H3: There is a significant difference in the
improvement (as measured by net gain scores) of
field dependent participants and/or those with low
spatial ability over field independent participants
regarding content knowledge on the CKMCT.

Q2: How do students’ level of spatial ability and/or
field dependency relate to their ability to explain
concepts related to chemical kinetics?

H4: The level of conceptual understanding related to
chemistry concepts for field independent and/or
those of high spatial ability will be greater than
participants categorized as field dependent/low
spatial ability when measuring quality of
constructed responses on the CKMCT.
H5: The level of conceptual understanding related to
the level of representation for field independent
and/or those of high spatial ability will be greater
than participants categorized as field
dependency/low spatial ability when measuring
quality of constructed responses on the CKMCT.
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Data analysis for Question 1: How do students’ level of spatial ability and/or field
dependency relates to their score on a chemical kinetics content knowledge assessment?
Hypothesis one. Hypothesis one dealt with the participants themselves, and stated that
within the advanced chemistry classes, students will possess varying levels of field dependency
and spatial abilities, which will be positively correlated to each other. The HFT and PVROT
provided data to test this hypothesis. A summary of data collected from the two grouping variable
pretests is provided in Table 16.

Table 16. Summary of Grouping Labels Resulting from Scores on Pretest Instruments
Possible Score
Range

Test

HFT

0-32

PVROT

0-20

Mean

17.05

14.12

Standard
Deviation

7.99

4.16

Low
Score

1

2

High
Score

Grouping Scores and Resulting Label

32

0-9
Field
dependent
24
participants

10-24
Field
neutral
64
participants

25-32
Field
independent
24
participants

0-7

8-13
Medium
spatial
ability
35
participants

14-20

20

Low spatial
ability
9
participants

High spatial
ability
68
participants

The HFT was scored as the number of correct items out of 32. Scores ranging from 1 to 32
were recorded for participants in the study, with a mean score of 17.05 (SD = 7.99). Overall, HFT
scores were not normally distributed, with a skewness of 0.02 (SE = 0.23) and kurtosis of -1.04
(SE= 53). Because field dependency is measured as a continuum, classification of participants
followed the interpretation of Witkin, et al. (1977) and focused only of the extremes of the score
distribution. All participants who scored within one standard deviation of the mean were
considered as field neutral (FN) for this study (n=64). Those scoring more than one standard

92

deviation above the mean were identified as field independent (FI) (n=24), and those more than
one standard deviation below the mean were categorized as field dependent (FD) (n=24).
Similarly, the PVROT was administered as a pretest and the resulting scores were used to
classify participants into one of three groups. The PVROT was scored as the number of correct
items out of 20. Scores for the PVROT ranged from 2 to 20 for the 112 participants of the study,
with a mean score of 14.12 (SD = 4.16). The distribution of spatial ability has a skewness of -0.665
(SE= 0.228) and kurtosis of -0.073 (SE= 0.453). Most participants scored in the medium to high
spatial ability range and was expected due to the common course sequencing for students enrolling
in the Honors, AP STEM, and AP level courses selected for this study. Course sequencing for
these STEM students involved prior enrollment and completion of math, physics, and engineering
courses where spatial manipulations were taught as a part of the course standards (See Georgia
Standards of Excellence, 2016). Categories of low, medium, and high spatial ability were created
by dividing the participants’ scores into thirds. Participants were categorized as having low spatial
ability if they scored within the range of 0 to 7 (n=9), while those who scored in the range of 8 to
13 were categorized as medium spatial ability (n=35). Participants recording a score above 13 on
the PVROT were labeled as high spatial ability (n=68).
Because scores from the HFT and PVROT were used as continuous data in SPSS, a Pearson
Correlation was selected for comparing these data sets. A scatterplot summarizes the results
(Figure 8), and while not linear, a monotonic relationship existed between the variables. There was
a moderate, positive correlation between spatial ability and field dependency, which was
statistically significant (r = 0.569, r 2 = 0.324, n = 112, p < 0.01). This meant the greater a
participant’s spatial ability the more likely the participant was field independent. This data
supported rejecting the null hypothesis and provided evidence that participants in this study varied
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in both level of field dependency and spatial ability, with the two factors being positively
correlated.

Correlation between Learning Style and Spatial Ability
number of items correct on PVPVROT

25

20

15

10

5

0
0

5

10

15
20
number of items correct on HFT

25

30

35

Figure 8. Graph of relationship between grouping variables HFT score and PVROT score, r = 0.569

Hypothesis 2. Hypothesis two of the study was related to participants’ content knowledge
of chemical kinetics, and stated that posttest scores on the CKMCT-CK will be higher than pretest
scores, and participants will score highest on questions when this information was presented
through a symbolic level of representation. Participants in the study self-reported very limited to
no prior exposure to chemical kinetics concepts prior to this study. A review of the state standards
for science and specifically for Chemistry (GADOE, 2016), as well as the course description and
learning objectives for AP Chemistry (College Board, 2014), reflected the notion that even
advanced science students and those in STEM pathways likely have had little instruction on rate
of reaction, catalysis, or activation energy before a chemical kinetics unit. As most students
enrolled in the advanced chemistry classes also had advanced mathematics exposure (most
participants are either joint enrolled in chemistry and algebra II, AP Statistics, or a pre-calculus
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course), a more developed set of critical thinking, problem-solving, and graphical analysis skills
were expected to be present in this group of participants. This meant that participants should have
been very comfortable with information presented in a graphical, data table, or equation-based
format, and would most likely record more correct response to items categorized as symbolic for
the purposes of this study.
As previously noted in Figure 6, the CKMCT was utilized to collect data regarding both
participant content knowledge and conceptual understanding. Content knowledge scores were
generated by analyzing student responses to the multiple-choice item only, while conceptual
understanding was assessed via student constructed responses, so to distinguish between which
data set and which construct was tested, the CKMCT was relabeled as CKMCT-CK when
addressing content knowledge and responses to multiple-choice items, and CKMCT-CU when
addressing conceptual understanding and constructed responses. Scoring the CKMCT-CK was
formulated as the number of correct multiple-choice questions out of nine. Subscore data was also
collected regarding the number of items labeled as macroscopic, symbolic, or particulate that
participants answered correctly.
Before analysis of scores of the whole group was possible, pretest scores per difference
courses (Honors Chemistry, AP Chemistry, and STEM AP Chemistry) were analyzed to determine
whether scores for the three courses were significantly different from each other. Table 17
summarizes the results of the score by course analysis using One-Way ANOVA testing and
indicated that not only were participants’ content knowledge regarding chemical kinetics nearly
identical at the beginning of the study, differences in mean scores for the courses were not
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statistically different (p > 0.05), thereby allowing for whole group analysis of pretest and posttest
scores.

Table 17. Comparison of CKMCT Pretest Scores between Courses (One-Way ANOVA)
Class

Number of
Participants
enrolled

Mean

Standard Deviation

Low Score

High Score

Honors Chemistry

64

4.35

1.52

1

8

AP Chemistry

24

4.48

1.80

1

9

STEM AP
Chemistry

24

4.52

1.70

3

9

p > 0.05

Analysis of the CKMCT pretest vs. posttest scores for the whole group began with
descriptive statistics. A comparative boxplot of pretest and posttest total score variables (Figure 9)
for the whole group (n = 112) was created to help visualize the overall change in content
knowledge of participants after three methods of instruction on chemical kinetics concepts
occurred. This boxplot indicated that both the low score of 2 and high score of 9 on the CKMCTCK were higher on the posttest administration than the low score of 1 and high score of 8 on the
pretest (the three scores of 9 on the pretest were considered outliers for that test). The boxplot also
indicated an increase of the mean score on the CKMCT-CK from pretest to posttest administration.
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Figure 9. Boxplot of total scores from CKMCT (content knowledge) pretest and posttest administration

As the dependent variable of pretest score was measured on a continuous scale that was
normally distributed and the independent variable consisted of related groups (i.e. chemistry
courses), a paired t-test was selected to analyze the relationship between the pretest and posttest
scores for participants. The results are summarized in Table 18. Analysis of the whole group when
considering total scores and subscores based on levels of representation, suggested participants
experienced statistically significant greater achievement (p < 0.005) when exposed to model-based
instruction related to chemical kinetics topics (mean = 6.1, SD = 1.5) than before instruction was
provided (mean = 4.42, SD = 1.6). The 95% confidence interval for the difference is (-2.0,-1.3).
Statistical analysis of these results supported the idea that exposure to chemical kinetics content
significantly affects student achievement in regards to content knowledge, which was expected.
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As this was an expected outcome, growth relative to each level of representation used on the
CKMCT was also analyzed. These results are also detailed in Table 18.

Table 18. Paired t-test Analysis on CKMCT-CK Pretest/Posttest Data (Whole Group, N = 112)
All questions

Macroscopic
questions only

Symbolic
Questions only

Particulate questions
only

Mean

SD

Mean

SD

Mean

SD

Mean

SD

Pretest

17.04

4.68

1.15

0.71

2.77

1.2

1.19

0.62

Posttest

21.31

3.46

1.46

0.64

3.79

1.1

1.49

0.52

P value

p < 0.005

p < 0.005

p < 0.005

p < 0.005

Results of paired t-test analysis of the subscores for each representational level indicated
similar findings (Table 18). As with the analysis of total pretest and posttest scores, analysis of
subscore data supported the hypothesis that participants made statistically significant learning
gains no matter the type of representation used to present information or assess the students, yet
fails to support the hypothesis that the students, as a whole, were more successful when
information is provided using the symbolic level of representation.
Once statistical analysis of whole group pretest and posttest scores was completed, testing
was carried out for significant differences on CKMCT-CK total score and subscores for different
student populations within the whole group based on spatial ability and field dependency. For each
test with different student groups, a Bonferroni correction was conducted to reduce the chances of
obtaining false-positive results (Type I errors) when multiple pair-wise tests are performed on a
single set of data. This required the calculation of a new p-value that would take into consideration
the number of pair-wise comparisons made [here alpha-value (αoriginal = .05) divided by the number
of comparisons (here, 3 representing each group within spatial ability or field dependency): (αaltered
= .05/3) = 0.016]. To determine if any of the 3 correlations were statistically significant, the p98

value must be p < 0.016. Kruskal-Wallis H testing was deemed appropriate for considering
CKMCT-CK scores when based on spatial ability because the spatial ability grouping variable was
nonparametric (skewed left), the CKMCT-CK scores which served as the dependent variable are
measured on a continuous scale, and participants were assigned to one spatial group only. The
results of the Kruskal-Wallis H testing indicated performance of the low spatial ability group on
the pretest was significantly different when compared to performance of both the medium and high
spatial ability groups when adjusted with Bonferroni correction (p < 0.016 and p < 0.016,
respectively). Medium and high spatial abilities groups performed similarly on the CKMCT
pretest. As seen in Table 19, pairwise comparisons between spatial groups supported rejecting the
null hypothesis that pretest scores had the same distribution across categories of spatial ability (p
< 0.016), while also supported retaining the null hypothesis of the same distribution across spatial
ability categories when testing with posttest scores (p > 0.016). The low spatial ability group’s
rank scores were lower than other spatial ability groups for both the pretest and posttest although
the group’s posttest score was within range of the other spatial ability groups.

Table 19. Between Group Analysis-Spatial Ability of CKMCT-CK Scores (Kruskal-Wallis H)
Instruments: PVROT and CKMCT
Spatial Ability Group
Low
(N=9)
Rank

Medium
(N=35)
Rank

High
(N=68)
Rank

2

df

Significance value (p)

Pretest

32.3

62.5

58.6

8.90

2

< 0.016

Posttest

52.9

58. 6

63.7

0.29

2

> 0.016
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Scores on the HFT were normally distributed between the three subgroups, making
parametric testing appropriate for analyzing content knowledge scores based on field dependency.
Results of this analysis are provided in Table 20, and indicated that a statistically significant
difference between groups as determined by one-way ANOVA (F(2,109) = 4.763, p < 0.016) when
field dependency and pretest scores were considered. There was no statistical difference between
the FD and FN groups (p > 0.016). Additionally, there was a significant difference between groups
as determined by one-way ANOVA (F(2,109) = 7.1, p < 0.016) when field dependency and posttest
scores were considered. This test revealed that the posttest score was statistically significantly
lower if the learner was identified as FD (5.6 ± 1.5, p < 0.016) compared to FI learners (7.0 ± 1.3).
There was no statistically significant difference between the FI and FN groups (p > 0.016).

Table 20. Between Group Analysis-Field Dependency of CKMCT-CK Scores (One-way
ANOVA)
Instrument

HFT
Field Dependency Group
FD
(N=24)

Significance value (p)

FN
(N=64)

FI
(N=24)

Factors compared

Mean

SD

Mean

SD

Mean

SD

FD/FN

FD/FI

FN/FI

Pretest

4.2

1.4

4.2

1.4

5.3

2.0

< 0.016

< 0.016

> 0.016

Posttest

5.6

1.5

6.0

1.4

7.0

1.3

> 0.016

< 0.016

> 0.016

As with the analysis of whole group content knowledge pretest and posttest scores, analysis
of scores when considering the field dependency subgroups within the participant sample
supported the hypothesis that FI students were better able to decode information presented through
conceptual models and possibly knew more about chemical kinetics both prior to and after
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instruction on chemical kinetics topics. FI students were significantly more successful when
learning chemistry concepts than participants with a more field dependent information processing
style (i.e. FN and FD). Conversely, FD learners began the unit of study with a lesser ability to
answer chemical kinetics multiple-choice questions correctly. In fact, FD learners’ ability to make
sense of information presented to them was not sufficiently developed through the instructional
practices used in the study to make significant gains in content knowledge when compared to gains
made by FI learners.
Kruskal-Wallis H testing was also selected for use to analyze different participant groups’
performance based on levels of representation utilized by each question on the CKMCT-CK. A
summary of results when grouping variables were used to analyze CKMCT-CK scores is found in
TableError! Reference source not found. 21. Analysis showed that there was no statistically
significant difference in subscore performance of students categorized as high, medium, and low
for spatial ability when responding to questions presented at the macroscopic, symbolic, or
particulate levels of representation. There was, however, a statistically significant difference in
macroscopic subscore performance on the CKMCT-CK pretest for groups based on field
dependency (2 (2) = 6.54, p < 0.016), with a mean rank pretest score of 69.56 for FI learners,
57.35 for FD learners, and 51.28 for FN learners.
FN learners ranked lowered than any other field dependency group on the macroscopic test
items, and was considered statistically different than the subscores of the FI group. This was
unexpected because FN learners tend to possess some skill in decoding and making sense of
information presented in the form of assessment items which should allow them to outperform FD
learners on assessment items. Only two items from the CKMCT were scored for the macroscopic
subscore and both referenced phenomenon experienced in the lab setting. Further, both dealt with
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changes in the intensity of color over time. It is possible that the connection to laboratory
experiments and/or the introduction of concepts related to color and light may have led to FN
learners incorrectly responding to these items at a greater frequency than students with other
information processing styles due to field dependency.

Table 21. Between Group Analysis of on CKMCT-CK Scores (Kruskal-Wallis H)
Instruments:
HFT, PVROT,
CKMCT

Pretest

Spatial Ability

Posttest

Field Dependency

Spatial Ability

Field Dependency

2

df

p

2

df

p

2

df

p

2

df

p

Macrosub

1.87

2

> 0.05

6.54

2

<
0.016

3.38

2

> 0.05

5.40

2

> 0.05

Symsub

5.34

2

> 0.05

3.58

2

> 0.05

0.34

2

> 0.05

2.77

2

> 0.05

Partsub

4.91

2

> 0.05

3.32

2

> 0.05

0.12

2

> 0.05

0.328

2

> 0.05

Hypothesis three. Hypothesis three of the study was related to net gains in performance on
the CKMCT for content knowledge. This hypothesis stated there was a significant difference in
the improvement of field dependent participants and/or those with low spatial ability over field
independent participants regarding content knowledge on the CKMCT. Net gain scores calculated
from pretest and posttest scores for the macroscopic, symbolic, and particulate-based items on the
CKMCT were utilized to test this hypothesis. Net gain scores were calculated based on Equation
5 where  is the type of representation used in the test item, and utilized a denominator term to
account for the ceiling effect.
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Net gain score =

𝑋𝑝𝑜𝑠𝑡−𝑋𝑝𝑟𝑒
9−𝑋𝑝𝑟𝑒

(5)

Net gain scores for groups based on spatial ability and field dependency were compared
via Kruskal-Wallis H testing to determine whether participants’ ability to correctly utilize any
specific level of representation significantly improved over the course of the chemical kinetics
unit. No significant difference in improvement of content knowledge scores was found when
comparing net gain scores for the FD, FN, and FI learner groups. In each case, p values were much
greater than the 0.05 threshold. Similarly, there was no significant difference in improvement of
content knowledge scores when comparing net gain scores for the different spatial ability groups.
As with the other grouping variable, p values were also greater than the 0.05 threshold when
considering the participant’s spatial ability. The null hypothesis was retained, however, as the
results failed to support the hypothesis that students were more successful when information is
provided using the symbolic level of representation.
Data analysis for research Question 2: How do students’ level of spatial ability and/or field
dependency relate to their ability to explain concepts related to chemical kinetics?
Research question two shifted from participants’ content knowledge to participants’
conceptual understanding of the items presented on the CKMCT. The term conceptual
understanding refers to the participant’s reasons for selecting a particular answer on the CKMCT’s
multiple choice items. As previously discussed, two constructed response prompts accompanied
each multiple-choice item of the CKMCT. One prompt was “Explain your answer by providing
reasons to support the claims you are making.” This prompt has been used to evaluate conceptual
understanding of high school-age students enrolled in chemistry courses (Cakmakci, & Aydogdu,
2011) and was judged to be adequate to illicit similar information about participants’ knowledge
of the concepts presented in the CKMCT. Many participants responded that the answer selected
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on the CKMCT was a result of guessing or the process of elimination. In fact, when considering
the 1008 multiple choice response answers analyzed for the 112 participants in this study, 91 of
1008 or 9.7% of correct responses are the result of an admitted guess in the participants’ written
responses. The number of participants selecting the correct answer as a result of guessing
decreased to 4 of 1008 or 0.39% on the posttest administration of the CKMCT. While these
percentages represent a statistically insignificant portion of those involved in the study, it was
important to the researcher to understand how the learner arrived at the correct answer. Such
knowledge allowed for better understanding of the learner’s experience which could, ultimately,
be used to inform an educator’s instructional practices in future lessons or with future student
groups of similar spatial abilities and field dependency designations.
Participants who supplied a response beyond “guessing” often addressed vocabulary used
in the question or the terms they understood to fit with the item on the CKMCT. In other instances,
participant responses explained only mathematics-based rules and procedures necessary to use
information presented in a graph or table, as exemplified by responses to item 3 of the CKMCT
especially. These different approaches to addressing the constructed response prompts necessitated
two scores for conceptual understanding. Using the grading rubric previously discussed in Table
12, the highest possible score for the CKMCT for conceptual understanding regarding chemistry
(now CKMCT-CUchem) concepts was 36 points, and the highest score possible for conceptual
understanding of the representations (now CKMCT-CUrep) was 27 points. Interrater reliability
was measured using percent agreement and Cohen’s Kappa to determine if there was agreement
between two coders’ judgement on the level of conceptual understanding exhibited by participants
in their constructed responses to the CKMCT. There was moderate agreement between the two
coders' judgements when scoring the CKMCT-CUchem, Percent agreement was 68.9 % and κ =

104

0.643, p < 0.0005. Additionally, analysis codes for CKMCT-CUrep provided a percent agreement
of 83.3 % and κ = 0.757, p < 0.0005, indicating moderate agreement when evaluating participants’
ability to explain how the level of representation associated with each CKMCT item was helpful
in selecting a specific multiple-choice response.
Hypothesis 4. Hypothesis testing for data collected about conceptual understanding
followed the same structure as testing for content knowledge. Hypothesis four stated that FI
participants and those with high spatial abilities would have a greater conceptual understanding of
chemistry topics and concepts than those of other field dependency or spatial ability designations.
Scores of constructed response items of the CKMCT provided data for this analysis. First, an
analysis of pretest scores for the different courses (Honors Chemistry, AP Chemistry, and STEM
AP Chemistry) was performed to determine whether subjects could be considered for within
subjects/whole group testing. Table 22 summarizes the results of the score by course analysis and
indicates participants’ conceptual understanding of chemistry topics at the beginning of the study.
The small differences in mean scores indicated that AP and STEM AP students had a greater
understanding of chemistry topics at the onset of the study, yet these differences were not
statistically significant.

Table 22. Comparison of Conceptual Understanding (Chem) Pretest Scores for Different
Courses (One Way ANOVA)
Course

Number of
Participants

Mean

Standard Deviation

Low Score

High Score

Honors
Chemistry

66

15.74

4.77

0

29

AP Chemistry

23

19.04

4.03

12

28

STEM AP
Chemistry

23

18.78

3.83

5

25

105

p > 0.05

The distribution of conceptual understanding of chemistry scores is illustrated in Figure
10, and has a skewness of -0.338 (SE= 0.228) and kurtosis of 1.21 (SE= 0.453). Further, retaining
participants into one whole group was deemed appropriate for testing purposes as variances in the
groups are not significantly different from each other. Analysis of conceptual understanding was
completed by evaluating participants based on whole group performance as well as spatial ability
and field dependency.

Figure 10. Distribution of participant scores on the CKMCT when scored for conceptual understanding of chemistry
concepts.

Participants’ conceptual understanding related to chemistry concepts is summarized in
Table 23Error! Reference source not found., and indicated that significant gains were made over
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the course of the study by participants when treated as a whole group in terms of overall conceptual
understanding, as well as understanding when different levels of representation were used to
supply information in a multiple-choice test item. Improvement on the CKMCT for participants
was expected and deemed reasonable for their ability level and knowledge of chemistry. Students’
responses changed over the course of the study from sparse and incorrect on the pretest to detailed
narratives that were largely insightful and well-structured, most often referencing both a chemistry
concept and a mathematical construct related to the graph, the balanced equation, or data table
were presented in the multiple-choice item.
Table 23. Paired t-test Analysis on CKMCT-CUchem Pretest/Posttest Data (Whole Group)
All questions

Macroscopic
questions only

Symbolic
Questions only

Particulate questions
only

Mean

SD

Mean

SD

Mean

SD

Mean

SD

Pretest

17.0

4.68

4.58

1.46

9.75

3.33

4.99

1.64

Posttest

21.3

3.46

5.40

0.954

13.1

2.75

5.34

1.00

p value

p < 0.005

p < 0.005

p < 0.005

p < 0.05

Next, analysis of chemistry conceptual understanding was evaluated based on spatial
ability and field dependency. One-way ANOVA testing was used for field dependency group
analysis, while Kruskal-Wallis H testing was used for the spatial ability groups because of the
disproportionate number of medium and high spatial ability participants in this study. Results for
the field dependency group analysis are summarized in Table 24. There was a statistically
significant difference between groups as determined by one-way ANOVA (F(2,109) = 8.00, p <
0.016) when field dependency and pretest scores were considered. Additionally, the test revealed
that the pretest score was significantly lower if the learner was identified as FD (14.3 ± 3.80, p <
0.016) compared to both FN (17.3 ± 4.88, p < 0.016) and FI learners (19.3 ± 3.54). There was no
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statistical difference between the FN and FI groups (p > 0.016). Additionally, there was also
significant difference between groups as determined by one-way ANOVA (F(2,109) = 5.33, p <
0.016) when field dependency and posttest scores were considered. Here, the Tukey post hoc test
revealed that the posttest score was statistically significantly lower if the learner was identified as
FD (20.2 ± 2.84, p < 0.016) and field neutral (21.1 ± 3.50, p < 0.016) compared to field independent
learners (23.17 ± 3.33). There was no statistically significant difference between the field
dependent and field neutral groups (p > 0.016) regarding posttest scores.
Table 24. Between Group Analysis-Field Dependency of CKMCT-CUchem Scores (One-way
ANOVA)
Instruments: HFT, CKMCT
Field Dependency Group
FD
(N=24)

Significance value (p)

FN
(N=64)

FI
(N=24)

Factors compared

Mean

SD

Mean

SD

Mean

SD

FD/FN

FD/FI

FN/FI

Pretest

14.3

3.80

17.3

4.88

19.3

3.54

< 0.016

< 0.016

> 0.05

Posttest

20.17

2.84

21.05

3.50

23.17

3.33

> 0.05

< 0.016

< 0.016

When participant’s spatial ability was used to analyze chemistry conceptual
understanding, a similar outcome arose. Table 25 details the results of this analysis, and indicated
that rank scores for high spatial ability participants were higher than any other groups’ rank score
during both pretest and posttest administration of the CKMCT. Additionally, the results
highlighted that the rank score of the medium spatial ability participants decreased from pretest
to posttest administration, and caused the statistically significant difference in the distribution of
rank scores (p < 0.016) for the posttest.
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Table 25. Between Group Analysis-Spatial Ability of CKMCT-CUchem Scores (Kruskal-Wallis
H)
Instruments: PVROT, CKMCT
Spatial Ability Group
Low
(N=9)
Rank

Medium
(N=35)
Rank

High
(N=68)
Rank

2

df

Significance value (p)

Pretest

39.6

53.4

60.3

3.73

2

> 0.016

Posttest

40.1

46.7

63.7

8.90

2

< 0.016

Results from analyzing whole group and subgroups’ conceptual understanding strongly
imply FD learners began the chemical kinetics unit with statistically significantly less conceptual
understanding of chemistry than others whose information processing style is more well-developed
(i.e. FN and FI learners). Over the course of the unit of study, FD learners were able to make
significant gains in understanding chemical kinetics content that their conceptual understanding
approached that of the FN group, but FD learners continued to score statistically significantly
lower than FI learners on the posttest for conceptual understanding. These findings indicate that
FD students are unable to develop the same level of understanding of chemistry concepts that their
classmates achieve at the conclusion of a unit of study. The experiments, lectures, homework, and
other instructional practices provided to the students over the course of the unit fall short in
supporting learning chemistry concepts for the FD students.
Hypothesis 5. The final analysis of conceptual understanding involved the participant’s
acknowledgement of the representations used in the items on the CKMCT. It was hypothesized
that FI participants and those with high spatial abilities would outperform other participants when
explaining how a particular level of representation was utilized to answer a multiple-choice item
on the CKMCT. Participants were specifically asked in constructed response items on the CKMCT
to address the representation associated with each multiple-choice item in the second follow-up
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prompt for each item. Many participants, however, included information about a model or
representation in their answers to the first constructed response prompt as their rationale for
selecting a particular letter choice. Scoring conceptual understanding of use of representations was,
therefore, complicated and involved analyzing both constructed response prompts to effectively
score this construct. Each of the nine CKMCT items were scored on a scale of 0 to 3 points for a
maximum possible score of 27 on the assessment, as detailed in Table 12.
Whole group analysis was conducted using paired t-test because of the normally distributed
data on participants’ understanding of the use of models and representations to answer questions
related to chemical kinetics. The results are presented in Table 26. Most interestingly, pretest and
posttest scores remained nearly identical for participant’s understanding of the representations
used to relay information on chemical kinetics (M = 13.1). Scores addressing both the symbolic
and particulate levels of representation saw the most change in scores from pretest to posttest
administration. The greatest gains in conceptual understanding were noted on items using symbolic
representations like graphs, data tables, and balanced equations. For example, participant 2701’s
responses to CKMCT item five evolved from “I don’t know, but I bet it has something to do with
this graph” to the detailed response “the distance from the energy of the reactants to the top of the
curve is activation energy for the reaction given in the equation, so to solve for the activation
energy for the reverse reaction I located the reactants energy value and subtract from the value for
the top of the curve.” Growth on the posttest for the symbolic level was expected due to the
mathematics skills these participants are developed in previous STEM courses. In many cases, the
introduction of vocabulary specific to points on graph or an explanation of variables measured as
part of a data table were all that was needed for students to then utilize graphical information
accurately.
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Table 26. Paired t-test Analysis on CKMCT-CUrep Pretest/Posttest Data (Whole Group, One
Way ANOVA)
All questions

Macroscopic
questions only

Symbolic
Questions only

Particulate questions
only

Mean

SD

Mean

SD

Mean

SD

Mean

SD

Pretest

13.1

5.45

2.62

1.90

8.41

3.57

3.28

1.98

Posttest

13.1

3.60

2.70

2.05

12.10

2.67

1.22

1.79

p value

p > 0.05

p > 0.05

p < 0.005

p < 0.005

Growth for items involving macroscopic representations was much less than that of
symbolic, but was still positive. The two items on the CKMCT regarding macroscopic involved
laboratory scenarios. From the researcher’s experience, students in chemistry traditionally have
difficulty applying phenomena viewed in the lab setting to paper-pencil test items, so any positive
growth in this sector was viewed as a good thing. A decrease in mean score for particulate
representations was, however, unexpected but can be explained by the mean score for use of
chemistry concepts for particulate representations. Responses for these items tended to be heavily
skewed to chemistry concepts like vocabulary and discussed the actual particles involved in the
chemical process to a much lesser degree.
The inclusion of models and representations in responses for conceptual understanding was
also analyzed for the different learner groups. A summary of the findings from analyzing responses
based on field dependency and spatial ability are included in Tables 27 and 28, respectively. As
with other tests involving these groups, one-way ANOVA and Kruskal-Wallis H testing were
utilized. FD students scored statistically significantly lower than other groups as determined by
one-way ANOVA (F(2,109) = 6.65, p < 0.005) when pretest scores were considered. A Tukey post
hoc test revealed that the pretest score was significantly lower if the learner was identified as FD
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(10.1 ± 3.96, p < 0.005) compared to FN (13.3 ± 5.48, p < 0.05) or FI learners (15.5 ± 5.45). There
was no statistical difference between the FN and FI groups (p > 0.05). Just as with the findings for
conceptual understanding of chemistry, results from analysis of conceptual understanding related
to the use of models and representations is underdeveloped for FD students at the beginning of the
chemical kinetics unit of study. No significant difference was found between groups when field
dependency and posttest scores were considered by one-way ANOVA (F(2,109) = 0.797, p > 0.05).

Table 27. Between Group Analysis-Field Dependency of CKMCT-CUrep Scores (One-way
ANOVA)
Instrument: HFT
Field Dependency Group
FD
(N=24)
Mean
SD

FN
(N=64)
Mean
SD

Significance value (p)

FI
(N=24)
Mean
SD

Factors compared
FD/FN

FD/FI

FN/FI

Pretest

10.1

3.96

13.3

5.48

15.5

5.45

< 0.05

< 0.005

> 0.05

Posttest

13.1

3.03

12.8

3.64

14.0

4.00

> 0.05

> 0.05

> 0.05

The lack of significant difference on posttest scores in Table 27 can be attributed to the
increase in FD participants’ mean score on the posttest, and the slight decreases in mean score for
the FN and FI groups’ posttest performance. The researcher looked to increased quality and
quantity of information provided about chemistry or the specific model used in the constructed
response prompts as an explanation to why some groups’ posttest scores in declined from pretest
to posttest administration. By in large, students understood the chemistry better and did not need
to rely on concrete mathematic relationships of the model to explain their reason for selecting one
of the choices provided.
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When spatial ability of participants was used to analyze conceptual understanding related
to the models or representations used on the CKMCT, a similar outcome arose. Details from the
results of this analysis are presented in Table 28 and indicated there was no statistically
significant difference in the rank scores for any group based on spatial ability when investigating
how students use models or representations to justify answer selections on the CKMCT. It was
worth noting that rank scores for high spatial ability participants were higher than any other
groups’ rank score during pretest administration yet fell slightly on the posttest. This data
continues to add to the evidence that students with better developed spatial ability often are able
to outperform their peers of lesser spatial ability even before instruction on chemical kinetics
topics.

Table 28. Between Group Analysis-Spatial Ability of CKMCT-CUchem Scores (Kruskal-Wallis)
Instrument: PVROT
Low
(N=9)
Rank

Spatial Ability
Medium
(N=35)
Rank

High
(N=68)
Rank

Pretest

55.89

48.59

60.65

Posttest

60.00

52.36

58.17

2
3.21

df

Significance value (p)

2

> 0.05

0.861

2

> 0.05

Analysis
Scores indicating participant content knowledge (i.e. score on a multiple-choice
assessment) and conceptual understanding from the basis of data collected in the student
achievement portion of this study. Comparing scores of participants as a whole group and when
subdivided into ability groups based on the accuracy of manipulating three-dimensional object
and on information processing styles led to a better understanding of the students enrolled in
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several advance high school chemistry courses. As evidenced by the nearly 10 % of pretest
content knowledge scores that were correct when responses of “I guessed” or “I don’t know were
recorded, participants in this study supported the notion that successful guessing of multiple
choice items can and does happen on chemistry assessments. Further, when asked to rationalize
the selection of one choice from the others on a multiple-choice test, students might default to
using their mathematical skills and understanding over the topics they should have previously
learned in chemistry. As content was learned, though, relying solely on mathematical knowledge
as the reason for selecting an answer was often set aside for a rationale that displays the learner’s
newly acquired chemistry knowledge, as evidenced in the change in scoring for conceptual
understanding and use of level of representation on the CKMCT. Results from this portion of the
study indicated improvement in content knowledge and conceptual understanding of aspects of
chemical kinetics was possible for all spatial ability groups, and those with differing information
processing styles when students were taught with conceptual models and when they had the
opportunity to create, evaluate, and revise their own models.
Students within these classes enter the room with different skill sets and different ability
levels. Additionally, they enter the room with varying levels of knowledge of themselves and
how they think, process, and how well they know what they already know. Each of these
variances either aid students in being successful in the chemistry classroom or combine to be
factors that hinder otherwise hard-working and bright students from earning high scores on
assessments on abstract chemistry concepts. Analysis of data collected in this study supports key
ideas researchers and educators already known about students in chemistry—that is if the student
is able to decode and dis-embed information or is able to visualize images in three-dimensional
space, he or she will be more successful in high school chemistry classes than those who cannot.
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The hypotheses tested support the idea that field dependency and (to a lesser degree)
spatial ability have an effect on scores on a chemical kinetics assessment. FD students score
significantly differently on assessments measuring content knowledge, conceptual understanding
of chemistry concepts, and understanding the meaning and uses of a model or representation
provided on an assessment than do FI students. FD students start with lower scores before the
units of instruction begins and end those same units with lower scores than their classmates. In
some cases, FN students are also outscored by FI learners, making the level of success of a
student with well-developed information processing skills simply an unattainable mark for his or
her classmates.
Much fewer discrepancies exist between learners when grouped by spatial abilities, but
occasionally those with the greatest spatial ability do outperform their classmates. When considering
spatial ability is positively correlated to field dependency, vast differences in learner potential, and later in
achievement, exist for students who scores label them as high or low in both factors. The findings from

this portion of the study, when taken as a whole, indicate that model-based instruction and
modeling practices was beneficial in meeting the needs of FD learners enrolled in chemistry
classes. While these findings lead the researcher to question whether equitable instructional and
assessment practices are available to all students in the high school chemistry classroom, the
findings also the point out the ability of model-based instruction and modeling practices to help
to narrow this gap to some extent.
.
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CHAPTER 5: STUDENT METACOGNITION RESULTS AND ANALYSIS
Model-based instruction provides the opportunity for learners to construct and evaluate
mental models that make sense of complex topics and ideas presented in science classes. When
those models are expressed to others in the form of explanations, diagrams, graphs, or something
similar the model becomes external and the learner has utilized metacognitive skills to make his
personal understanding of a concept known (Locatelli, et al., 2010). Those with well-developed
metacognitive skills often have utilized both knowledge about cognition and regulation of
cognition to obtain a more thorough understanding of the concepts under study and the problemsolving skills associated with them (Rickey & Stacy, 2000). These learners are more aware of not
only what they know regarding a concept, also but how they know it. Those with well-developed
metacognitive skills also have the ability to evaluate their own mental models and revise them
when new information becomes available or better understood, a process known as conceptual
change (Schraw, Crippen, & Hartley, 2006).
Research regarding metacognition and learner metacognitive awareness when learning
chemistry does exist, but little is understood while also evaluating the learner population for spatial
ability and field dependency. A driving question for this portion of the research was related to the
level of a field dependent learner’s metacognitive awareness when compared with classmates and
how the FD students’ metacognitive skills affect their perception of using models at different levels
of representation to learn chemical kinetics. Currently, little research exists focusing on the
learner’s perspective on how macroscopic, symbolic, and particulate levels of representation either
help or hinder ones’ ability to learn chemistry. Moreover, a gap in the literature exists when trying
to understand just how field dependent students use models to learn chemistry.
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The following chapter presents the analysis of data about metacognition and participants’
perception of the usefulness of models at various levels of representation to address the
relationship between field dependency, spatial ability, and metacognitive awareness (relative to
aspects of knowledge of cognition and regulation of cognition) when learning chemical kinetics.
Information of this kind was of particular interest to the researcher because it can be used to better
understand an often underperforming subpopulation, and can provide insight on how to construct
more effective lessons to meet the needs of this group.
Instruments
As detailed in Chapter 3 of this document, the Chemical Kinetics Multiple Choice Test
(CKMCT), the Using Visual Representations to Learn Chemical Kinetics Questionnaire
(VRCKQ) found in Appendix G, and an interview protocol (Appendix J) served as primary sources
for data collection during this portion of the study. Additionally, work samples collected
throughout the chemical kinetics unit were analyzed for three field dependent learners who agreed
to participate in a semi-structured interview. As described in Chapter 2, the interview allowed the
researcher to clarify conflicting observations from analysis of participant work samples and to gain
perspective into the experience of a field dependent learner when model-based instruction was
used.
Summary of Participants
All 112 participants described in chapter four were also involved in this portion of the
study. Analysis of data related to metacognition began with a whole group analysis using VRCKQ
data. Use of the whole group allowed for the comparison of levels of metacognition for all
participants in the study. Several of the research questions about metacognition and metacognitive
awareness, however, focused on the perspective of the field dependent learner. Twenty-four
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participants from the original 112 were classified as field dependent learners based on their scores
on the HFT test. Twenty-two of these 24 were enrolled in the honors chemistry course, the
remaining two were from the AP STEM course. The two field dependent students in the AP STEM
course shared similarities with the honors students in that they were also 10th graders and were
approximately the same age as those in the honors class. Students enrolled in AP STEM were not
selected for the phenomenological portion of the study because the prerequisite science course for
the AP STEM chemistry course included many foundational chemistry concepts like water and
atmospheric pollution which may have influenced students’ responses.
Results
Analysis of data in this chapter was completed, in part, using quantitative methods identical
to those presented in Chapter 4 using ANOVA and Kruskal Wallis-H testing in SPSS software
(IBM Corp., 2012). Data was further analyzed using qualitative methods, by studying the learners’
experiences through the lens of a phenomenological research design. These methods allowed the
researcher to address several research questions key to this study. Specifically, this Chapter focuses
on the questions: a) what is the relationship between scores on a chemical kinetics assessment and
students’ metacognitive awareness related to aspects of knowledge of cognition and regulation of
cognition when learning chemical kinetics? and b) what is the experience of learning chemical
kinetics through model-based instruction for a field dependent learner? Three hypotheses were
generated to test the research questions related to metacognition in this study, and are correlated
to their research question in Table 29.
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Table 29. Correlation between Hypotheses Tested and Student Metacognition Research Questions
Hypothesis/Hypotheses used to answer research
question

Research Question
Q3: What is the relationship between scores on a
chemical kinetics assessment and students’
metacognitive awareness related to aspects of
knowledge of cognition and regulation of
cognition when learning chemical kinetics?

H6: Students will possess varying levels of
metacognitive awareness relating to aspects of
knowledge of cognition and regulation of
cognition when learning chemical kinetics.
H7: There are significant differences in level of
metacognitive awareness when considering field
dependency and spatial ability groups.
H8: There is a positive correlation between
metacognitive awareness score and posttest scores
on the CKMCT both for content knowledge and
conceptual understanding.

Q4: What is the experience of learning chemical
kinetics through model-based instruction for a
field dependent learner?

Data analysis for Question 3: What is the relationship between scores on a chemical
kinetics assessment and students’ metacognitive awareness related to aspects of knowledge
of cognition and regulation of cognition when learning chemical kinetics?
Research question three served to investigate participants’ level of metacognitive
awareness. Data necessary to address this question was collected during the study in the form of
the constructed response items from the pretest and posttest CKMCT, as well as at the conclusion
of the research study when participants completed the VRCKQ. This data, when analyzed based
on known research on measuring aspects of metacognition (Mokhtari & Reichard, 2002; Schraw
& Dennison, 1994), represented participants’ level of metacognition and metacognitive awareness.
The goal in analyzing this data was to better understand the learner’s ability to explain their
understanding in terms of their own thought processes and actions during chemical kinetics lessons.
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Whole group analysis followed by grouping based on field dependency and spatial ability was
appropriate here because the level of metacognition for any of the participants was unknown.
Hypothesis six. Hypothesis six dealt with the self-reported metacognitive awareness (MA)
of the participants in the study and stated students possess varying levels of MA relating to aspects
of knowledge of cognition and regulation of cognition when learning chemical kinetics. Data from
the VRCKQ was used to first address this hypothesis. The results of an exploratory factor analysis
of VRCKQ data (Appendix H) found that total MA as a factor existed, and could be measured by
the instrument. Cronbach's alpha for the total MA factor on the VRCKQ was determined to be
0.837 for this study, which indicates a high level of internal consistency (Introduction to SAS, n.d.)
for the scale measuring total MA related to chemical kinetics.
A total MA score was created by tallying participant self-responses for the entire 35-item
questionnaire. The highest possible MA score on the VRCKQ was 175 (selecting “5” on each of
the 35 items on the questionnaire). A score range of 97 to 173 was recorded for participants in this
study, with an overall mean score of 137.4. No statistically significant difference in the MA scores
was found between the Honors, AP, and AP STEM courses (p > 0.05), as evidenced in Table 30.
AP STEM participants’ responses were very intriguing as this group scored themselves
particularly high on all aspects of metacognition awareness. Students in this course were very
academically motivated, but also very young and inexperienced with chemistry. Further, these
students had been selected by the school’s faculty for a special sequence of courses throughout
their high school experience and will, in essence, skip many of the prerequisites to the AP courses
offered in math and science meaning the most successful students were likely to maintain the high
academic standing they aspired to achieve. For participants in the Honors and AP courses, the
pressure to perform at a high level also existed, but these students had the added support of the
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experience of a prerequisite math, science and/or AP-level courses where both knowledge about
cognition and regulation of cognition are often integrated into lessons and are scaffolded or
modeled by course instructors through lectures, guided inquiry or problem-solving sessions.
Experiences in these non-STEM courses allowed metacognition to develop at a slower, less
obvious pace for many learners leading to a less developed metacognitive awareness self-score.

Table 30. Comparison of MA total Scores between Courses (One-Way ANOVA)
Class

Number of
Participants
enrolled

Mean

Standard Deviation

Low Score

High Score

Honors Chemistry

66

138.7

16.5

97

173

AP Chemistry

23

130.4

13.2

107

155

STEM AP
Chemistry

23

140.5

17.0

110

169

p > 0.05

An illustration of the distribution of total MA scores for participants in this study is
provided in Figure 11. The distribution of scores indicated that while a range of values was present,
the values meant participants had a high degree of MA. This score range was expected considering
the participants are highly successful, based on grade point average and class rank. Additionally,
participants were often enrolled in honors/AP level courses throughout their high school careers
which would serve as alternative opportunities for developing problem solving and critical
thinking skills which would enhance a participant’s metacognitive awareness. The normal
distribution of the scores across the three courses, along with mean scores for the three courses led
to the conclusion that whole group analysis was appropriate for use with the sample.

121

Figure 11. Histogram of Metacognitive Awareness scores of study participants as measured by VRCKQ.

Further coding the 35-item questionnaire was attempted based on research literature
previously discussed in Chapter 2 of this dissertation for factors associated with metacognition.
These aspects of metacognitive awareness are based on the participant’s knowledge of cognition
and regulation of cognition. Data from the 35-item questionnaire was first evaluated through
exploratory factor analysis to determine which of the questionnaire items grouped together. This
analysis generated a ten-factor component matrix (factors where eigenvalue > 1.00). This matrix
is found in its entirety in Appendix H. Factor one of the component matrix included all items
from the questionnaire and indicated that all items positively correlate to one another ( =
0.837). This served, in part, as rationale for using a total score as a measurement in this study.
Table 31 presents the other noteworthy results of the exploratory factor analysis and Cronbach’s
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alpha values for the five factors the researcher believed was measured by the VRCKQ. As each
of these factors load at a value of 0.70 or higher, the initial internal consistency of these
questions was deemed acceptable without introducing redundancy to the questionnaire, meaning
data was presented that measured different aspects of metacognition related to knowledge about
cognition and/or regulation of cognition. Based on this exploratory factor analysis data, the
highest correlation among questions was found in the “Declarative Knowledge” question subset
( = 0.863), and the lowest was found in the subset of “Regulation of Cognition” ( = 0.672).

Table 31. Factors Present in VRCKQ based on Cronbach’s alpha calculations
Cronbach’s alpha

Factor

Questions from VRCKT

Declarative Knowledge

Q 22, 23, 24, 33, 34, 35

0.863

Information Management /Problem
Solving Strategies

Q 1, 6, 7, 16, 17, 18, 27, 28, 29

0.770

Global Strategies

Q 15, 30, 31, 32

0.766

Regulation of Cognition

Q 10, 11, 12, 13

0.672

Support Strategies

Q 2, 3, 4

0.846

As the VRCKQ was a newly created instrument, much effort was devoted to establishing
its validity. The VRCKQ was analyzed to establish construct validity, essentially to determine
whether insights into aspects of metacognition were possible with the instrument. Results from the
exploratory factor analysis were utilized to create a path diagram for structural equation modeling,
which has been included in Appendix I. The purpose of the path diagram was to allow for a
confirmatory factor analysis/structural equation modeling. The confirmatory factor analysis could
have been used as a construct validity measure because of the a priori hypothesis as to how the
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questions should factor together based on the questionnaires from which the VKCKQ was modeled
(Mokhtari, & Reichard, 2002; Schraw & Dennison, 1994). Confirmatory factor analysis was not
possible for this questionnaire within this study due to sample size limitations (N=112).
Since research literature supported the idea that there are several factors that make up
knowledge about cognition and regulation about cognition (Flavell, 1979; Mokhtari & Reichard,
2002, Schraw & Dennison, 1994), data collected from the constructed response items of the
CKMCT was utilized and coded to analyze participants’ metacognitive awareness during the
chemical kinetics unit. The analysis of metacognition as a component of the responses on the
CKMCT was further supported by the fact that the VRCKQ is a self-reported measure, and as such
it is difficult to determine whether student responses can be substantiated by students’ work
samples from the unit. Students routinely scored themselves high on items presented by the
questionnaire, but they may have been really trying to convey the fact they are aware that strategy
exists or that a particular decoding process was needed for a certain level of representation. As
Mokhtari and Reichard (2002) surmised about results from a metacognitive survey on reading
strategies “awareness of strategies does not guarantee that students actually use them” (p. 255).
Lastly, the inclusion of data coded for metacognition and metacognitive awareness from the
CKMCT instead of as a standalone analysis from the VRCKQ was further supported by the data
presented earlier in this chapter that suggested there was no correlation between participants in
this study and metacognitive awareness.
A coding scheme for participants’ use of different types of metacognitive awareness,
detailed in Chapter 2, was developed after consideration of the definitions of these aspects and
how students were likely to express their thoughts in terms of chemical kinetics concepts. Coding
CKMCT constructed response items was completed by both the researcher and a second coder
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knowledgeable on this topic. Trustworthiness was established through interrater reliability
measures. In addition to coding completed by the researcher, a second coder knowledgeable of the
topic coded 20.5 % of the student responses. The two sets of codes were used to calculate the
percent agreement (63.3 %) and Cohen’s kappa ( = 0.613), indicating a moderate level of
agreement between the coders. Results of coding each of the 112 participant’s constructed
response items from the CKMCT were based on specific aspects of metacognition from literature
(Mokhtari & Reichard, 2002, Schraw & Dennison, 1994) and are summarized in Table 32 for both
the whole group and subgroups based on spatial ability and field dependency classifications.

Table 32 Frequencies of Metacognitive Awareness Factors from CKMCT Administrations (Whole
Group and subgroups)
Code for type
of
metacognition
Declarative
Knowledge
Procedural
Knowledge
Conditional
Knowledge
Planning
Strategies
Information
Management
Strategies
Comprehension
Monitoring
Debugging
Strategies
Evaluation

Frequency
Pretest

Posttest

Whole
Group,
N=112

Low
SA,
N=9

Med
SA,
N=35

High
SA,
N=68

FD,
N=24

FN,
N=64

FI,
N=24

Whole
Group,
N=112

Low
SA,
N=9

Med
SA,
N=35

High
SA,
N=68

FD,
N=24

FN,
N=64

FI,
N=24

827
82%

66
81%

259
82%

508
83%

198
92%

492
85%

140
65%

668
66%

42
52%

212
67%

406
66%

123
57%

402
70%

135
63%

285
28%

19
23%

86
27%

180
29%

53
25%

153
27%

80
37%

346
34%

21
26%

91
29%

229
37%

59
27%

181
31%

101
47%

357
35%

37
46%

120
38%

204
33%

70
32%

212
37%

78
36%

430
43%

33
41%

144
46%

250
41%

98
45%

244
42%

85
39%

0
0%

0
0%

0
0%

0
0%

0
0%

0
0%

0
0%

0
0%

0
0%

0
0%

0
0%

0
0%

0
0%

0
0%

385
38%

25
31%

100
32%

261
43%

68
31%

211
37%

115
53%

565
56%

44
54%

182
58%

337
55%

128
59%

325
56%

110
51%

30
3%

2
2%

14
44%

14
2%

4
2%

20
3%

6
3%

31
3%

3
4%

5
2%

23
4%

4
2%

15
3%

12
6%

40
4%

1
1%

24
8%

15
2%

9
4%

19
3%

12
6%

39
4%

0
0%

13
4%

25
4%

4
2%

25
4%

9
4%

45
4%

1
1%

15
5%

29
5%

7
3%

26
5%

12
6%

44
4%

6
7%

12
4%

26
4%

13
6%

22
4%

9
4%
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Table 32 highlights the fact that participants relied heavily on declarative knowledge or
fact-based knowledge about their own skills to answer the CKMCT when given as a pretest. As
previously noted, nearly 10 % of participants with correct responses admitted to guessing or stated
they did not know when asked to explain why they selected a multiple-choice answer on the
CKMCT pretest. Of the 827 pretest constructed responses identified as declarative knowledge, 91
responses could not identify a science or math concept that supported their selection of an answer,
and participants reported their inability to explain how the model provided helped them answer
questions in an additional 30 responses. Instances of admitted guessing decreased on the posttest
and students’ awareness of kinetics concepts and problem-solving skills developed over the course
of the study so the frequency of use of declarative knowledge also decreased. The largest changes
were observed among the groups of students with low spatial ability (-29%) and the field
dependent group (-35%). Exposure to the content through the model-based activities and labs used
during the study enabled students to create a more thorough and sophisticated response to explain
both why they chose a particular multiple-choice option and how the model was able to help make
sense of the information provided.
Participants’ responses coded as procedural knowledge on the CKMCT pretest often
outlined steps for reading a graph or creation of a dimensional analysis scheme to solve a math
problem. Responses for this type of knowledge on the pretest also included the actual math for
solving in many cases without a verbal explanation. Instances of use of procedural knowledge
increased by 6% overall from pretest to posttest administration, and was most notable in the high
spatial ability (+8%) and field independent (+10%) subgroups. Posttest responses involving
explanation of steps also increased and far fewer responses relied on only mathematical work. In
general, posttest responses coded for procedural knowledge included terminology used during the
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model-based labs and POGIL activity used in the study and were interwoven with kinetics
concepts to inform about how the particular concept should be applied to the model associated
with the CKMCT item.
Conditional knowledge responses on both the pretest and posttest were most frequently
presented in terms of if-then statements which also referenced the model provided. Responses
coded for this type of knowledge increased greatly (+8%) from pretest to posttest administration,
with the field dependent group increasing use of this metacognitive skill most (+13%). Similar to
procedural knowledge, responses to posttest items were most often associated with questions that
involved graphs or diagrams. Responses coded for conditional knowledge illustrated the student’s
ability to identify details that made the particular situation described in the model or question
unique. The “if” portion of the statement relayed the learner’s understanding of the concept
described, and the “then” portion provided insight as to how the learner applied knowledge to this
unique situation.
Results from the analysis of CKMCT indicated several strategies related to the regulation
of cognition were underrepresented in participants’ responses on the constructed response items.
In fact, no participant mentioned how they approached planning, goal setting, or allocating
resources before the kinetics unit began, nor were these factors included in any coded response on
the CKCMT given as a pretest or posttest. The constructed response items did not expressly
instruct the participants to reflect on this strategy, however, so participants likely saw no need to
include this information in their responses. For likely similar reasons, comprehension monitoring
and debugging strategies were not frequently addressed in participants’ responses on the CKMCT,
3% and 4% of the time, respectively, on both the pretest a posttest. These strategies required
students to reflect on whether a specific approach was successful in answering the CKMCT item
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and what actions students undertook to correct comprehension and performance errors. These
reflections surely happened as part of the learner’s internal dialogue and thought process for
constructing a response, but do not lend themselves to inclusion in a written response as designed
for the CKMCT. Participants whose responses did include these strategies were not consistent in
their use throughout the test (i.e. these strategies were mentioned in only one response on the
CKMCT). There was additionally no consistency in participants using these strategies from pretest
to posttest administration. Overall, constructed response items on the CKMCT should be revised
so that strategies addressing comprehension monitoring and debugging could be better assessed.
Strategies most abundantly used to help regulate thinking when answering the CKMCT
constructed response items reflected participants’ approaches to using the models provided with
the questions and/or their previous experiences in learning science. Information management
strategies were evident in a total of 38% responses on the pretest and 56% responses on the
posttest, with the greatest increase in use recorded in the low and medium spatial ability subgroups,
23% and 26% increase, respectively, as well as the field dependent and field neutral subgroups,
28% and 19% increase, respectively. It should also be noted that there was a slight decline (2%)
among the frequency of information processing strategies for the field independent group. These
responses were those that discussed how participants honed in on key details like coefficients in a
balanced equation, slope of a line or apex of a curve on a graph, or color, size, or orientation of a
shape in a particulate diagram to select their answer on the CKMCT. This strategy helped
participants selectively focus on what they felt was important and useful about the model provided.
Suggestions about student preferences for how information should be presented like that of
providing a graph instead of data points were included in responses coded for information
management strategies. When visual representations were not included with the CKMCT item,
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participants described what they would like to see to help them make sense of the information
given in the question. For example, one FI, high SA participant wrote “a line graph of the different
concentrations/absorbance values would help me . . .” and a FD, medium SA participant remarked
“a lab doing this experiment so we could observe the situation would be useful.”
Evaluation strategies were utilized by participants to a much lesser degree than information
management strategies, but were the second most commonly used strategy to regulate cognition.
Responses that coded for evaluation strategies always referenced a past lab experiment, activity,
or unit of study that the student felt was foundational to their ability to answer the CKMCT item.
Use of evaluation strategies remained nearly unchanging from pretest (45 instances) to posttest
(44 instances) administration of the CKMCT, even though respondents had recently experienced
a learning episode and should have been able to make connections between those episodes and the
CKMCT item.
Analysis of VRCKQ and CKMCT data for total metacognitive awareness score provided
intriguing insights about student thinking when learning about chemical kinetics. Of notable
interest is that CKMCT results do not strongly correlate with students self-reported score on the
VRCKQ. For instance, many students’ score on the VRCKQ indicated they routinely utilize a
variety of metacognitive strategies and types of knowledge when answering chemical kinetics
questions. Responses for the same students on the constructed response items on the CKMCT
indicate that students mostly rely on declarative, procedural, and conditional knowledge along
with information management strategies to answer questions about chemical kinetics. This finding
illustrates a disconnect between students’ perceptions about their use of metacognitive skills and
their ability to demonstrate the use of those skills. Equally notable are the specific types of
metacognitive strategies participants use to work through chemical kinetics questions and

129

problems. These are the strategies and types of knowledge that students have found success with
and are likely to use in the future to approach learning new concepts.
Hypothesis seven. Hypothesis seven attempted to establish a relationship between
metacognitive awareness score and specific student population groups based on field dependency
and spatial ability levels. Hypothesis seven stated there are significant differences in level of
metacognitive awareness when considering field dependency and spatial ability groups. Data
analysis to address this hypothesis was very similar to analysis techniques regarding different
participant groups’ content knowledge and conceptual understanding achievement. A Pearson
product-moment correlation was run to determine the relationship between MA total score from
the VRCKQ and HFT scores for field dependency. There was a negligible correlation between
metacognitive awareness and field dependency which was not statistically significant (r = -0.159,
n = 112, p > 0.05). Likewise, a Pearson product-moment correlation test to determine the
relationship between MA total score and PVROT scores for spatial ability produced a negligible
correlation between metacognitive awareness and spatial ability (r = -0.004, n = 112, p > 0.05)
which were also not statistically significant.
These results were not surprising to the researcher. Metacognitive awareness is the result
of the development of a set of skills that allow a learner to accurately reflect as they “plan, monitor,
evaluate, and use information available to them” (Mokhtari & Reichard, 2002, p. 249).
Metacognitive skills allow learners to construct meaning out of what they read, the symbolic
representations they analyze, the problems they solve, or the lab experiments they do in class.
These are skills that may be better developed in some than in others, but were skills that were
found to be at a relatively high level for all participants in the study. The grouping variables used
in the study were not, on their own, factors that would prevent a participant from attaining some
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level of success in the chemical kinetics unit. As stated in Chapter 2 of this document,
metacognitively aware students are more successful than their unaware peers (Schraw & Dennison,
1994). Underdeveloped spatial ability or field dependent preferences might lead a learner to know
she needs to ask more questions of the teacher or peers to address issues with knowledge about
cognition. When addressing regulation of cognition, this enhanced awareness might lead a student
to try a new problem solving technique learned from a tutor or online when he realizes the method
used by his teacher consistently leads him to an incorrect answer. Because MA scores were not
correlated to spatial ability or field dependency, further analysis of participant metacognitive
awareness between groups was not possible.
Hypothesis eight. Hypothesis eight dealt with participant’s self-reported overall level of
MA and the relationship between that score and measure of content knowledge and conceptual
understanding. Hypothesis eight stated that there was a positive correlation between MA score and
posttest scores on the CKMCT both for content knowledge and conceptual understanding.
Scatterplots for MA score versus the posttest scores revealed no significant correlation between
the scores, which was confirmed by Pearson correlation testing. The summary of Pearson
correlation testing is summarized in Table 33, and indicated there were no linear relationships
between the MA total score and any of the posttest used in this study: MA vs. CKMCT-CK (r =
0.112, n = 112, p > 0.05); MA vs. CKMCT-CUchem (r = 0.137, n = 112, p > 0.05), and MA vs.
CKMCT-CUrep (r = 0.021, n = 112, p > 0.05). These findings lead the researcher to retain the null
hypothesis that there is no correlation between participants’ metacognitive awareness and posttest
scores on the CKMCT.

Table 33. Pearson Correlation values for posttests and VRCKQ total scores
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Tests analyzed

N

Pearson Correlation, (r)

Significance, p value

MA and CKMCT-CK

112

0.112

p > 0.05

MA and CKMCT-CUchem

112

0.137

p > 0.05

MA and CKMCT-CUrep

112

0.021

p > 0.05

Additionally, the VRCKQ was independently coded for the level of representation
(Johnstone, 1991) used to question about chemical kinetics concepts. This was done to collect
data to determine if the participants’ views toward a particular level of representation was more
or less helpful in thinking about kinetics concepts than any other level could be evaluated. The
corresponding level of representation for each question on the VRCKQ along with the maximum
subscores are shown in Table 34. This table summarizes key statistics for each subscores.

Table 34. Levels of Representation Subscore Data from VRCKQ
Specific
Questions
from
VRCKQ

Possible
Score Range

Mean

Median

Mode

Standard
Deviation

Macroscopic

3, 5, 12, 21,
32, 33

30

24.08

24

25

2.98

Symbolic

2, 7, 11, 14,
19, 26, 27,
28, 30, 34

50

38.92

39

38

5.41

Particulate

4, 6, 10, 13,
20, 25, 29,
31, 35

45

33.04

33

34

5.39

While means scores were able to be calculated from the VRCKQ, these questionnaire items
when grouped by level of representation in an exploratory factor analysis did not load together.
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Because of this, the researchers must conclude the mean scores are more likely related to the
cognitive factor addressed by the questionnaire item instead of the level of representation used.
This fact made further analysis of participants’ metacognitive awareness of levels of representation
not possible with the data collected from the VRCKQ.
Data analysis of research Question 4: What is the experience of learning chemical kinetics
through model-based instruction for a field dependent learner?
Research question four focused on one student population group’s thoughts and
impressions following the opportunity to learn about chemical kinetics through model-based
instruction. Analysis of data collected throughout the research study for three field dependent
participants was required to be able to fully understand the learners’ experience, meaning that data
in the form of participants’ work samples and responses to interview questions, along with field
notes were analyzed. This data was analyzed to gain insights into the experience of the learner
when conceptual models at different levels of representation were used to address the topic of
chemical kinetics. A semi-structured interview protocol was adopted and used with these three
representative participants in this research design (see Appendix J). However, since interviews
often elicit responses that can change over time and according to circumstance, and responses may
be positively or negatively influenced by the interviewee’s desire to provide the “right” response
to an interview question (Alshenqeeti, 2014; Ratvich & Riggan, 2012), researcher observations of
participants and student work from throughout this study served as artifacts that were considered
as crucial components of the data collected for analysis of research question four. AS with other
coded data in the study, trustworthiness was established by a second coder knowledgeable of the
topic who two complet work samples from each of the selected focus participants and one complete
interview. The two sets of codes were used to calculate Cohen’s kappa interrater reliability
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measure. When coding participant work samples and interviews, this value was determined as  =
0.592, indicating a weak level of agreement between the coders. The weak agreement that exists
may have resulted from the researcher having contextual cues from each assignment and interview.
The result of this analysis was a collection of three field dependent learner’s insights into
their lived experience of learning chemical kinetics and how conceptual models affected that
learning. For those working with field dependent learners, this portion of the study would be useful
because it provided information that enables teachers to ensure equitable instructional and
assessment practices for a group of learners for whom previous aspects of this study support as
being the most often underperforming in class.
Participants’ Voices. A total of three students from the honors chemistry course were purposely
selected, as the result of criterion sampling, for interviews because their previously sequenced
science coursework in physical science and biology meant they had less exposure to chemistry
concepts. The subgroup of participants involved in the interview process included two males and
a female who range in age from 15 to 17. Two participants identified as Caucasian and the other
as Middle Eastern. No two students in the group shared the same course of study prior to enrolling
in this honors chemistry course. Two students were taught by another chemistry teacher during the
first semester of the course, and the other had been enrolled in one of the researcher’s sections for
the entire school year. Two of the participants were 11th graders and one was a 10th grader. The
sample well represented the characteristics of the field dependent subgroup established by scores
on the HFT, as well as the participants enrolled in the honors level class. Work samples from these
three field dependent participants were analyzed using the coding scheme outlined in chapter three.
Table 35 further summarizes the characteristics of the participants whose work samples and
interviews were analyzed for this portion of the study.
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Table 35. Select Demographics of Participants involved in Phenomenological Analysis
Variable
Age

Description/specifics
15
16
17

N for study
12
9
3

N for interview
1
1
1

Sex

Male
Female

9
15

2
1

Ethnicity

White/Caucasian
Middle Eastern
Asian

8
12
4

2
1
0

Academic courses
previously
enrolled in

AP U.S. History
Honors Biology
AP Literature
Spanish (more than 2 years)
French (more than 2 years)
Pre-calculus
Graphic Design/Visual Media

6
18
16
8
3
11
2

2
2
2
2
1
1
1

Extracurricular
Activities

Orchestra/Band

17

1

Varsity Athletics

6

1

Student work and interview protocols allowed the researcher to understand the perspective
of a first-time chemistry student learning the abstract concepts related to chemical kinetics via
visual representations and conceptual models. Participants’ explanations and rationale, along with
responses to specific questions on the topic of models served as data from which themes about this
lived experience were generated. Responses were unique for each participant, and were greatly
affected by the participant’s background, interests, and prior lived experiences. There was no better
method for communicating the essence of their experience other than through their own words.
The following descriptions were representative of this group of field dependent learners, and have
been selected to provide context about the participant and his or her perspective. Each interview
participant was given a pseudonym to ensure confidentiality established through the IRB protocols
governing this study.
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Blakely. Blakely is a female student of Middle Eastern descent enrolled in the honors
chemistry course. She was classified as a junior at the time of the study, and was active in orchestra
where she played a wind instrument. She is a hardworking student for whom understanding and
mastery of concepts comes relatively early within the instructional unit. Her advanced coursework
in AP US History, and honors level science courses along with her advanced level Spanish
coursework throughout her high school career provided her the opportunity to develop critical
thinking and problem-solving strategies she found useful in the honors chemistry course. She was
so disciplined in her daily study habits that she forewent eating lunch in the school cafeteria, opting
to eat while studying alone in a teacher’s classroom instead.
Since she understood new content quickly, she often could be found in the class helping
classmates or reinterpreting the information provided so that other student groups were able to
fully participate with the class (especially in the lab setting). Blakely was the leader of her lab
table, and her lab partners struggled to follow procedures or collect data without her nearly
constant encouragement and explanations. She finished the course with an A average. She
enjoyed science courses so much she enrolled in two lab-based sciences during her senior year,
and Blakely volunteered her time assisting another chemistry teacher in an unofficial teacher’s
assistant capacity where she was routinely involved in preparing for and later disassembling lab
experiments. Blakely earned the third lowest score on the HFT with a 3 out of 20. This ranked
her as one of the most field dependent students in the research study. Her score of 154 out of 175
on the VRCKQ questionnaire indicated that Blakely is quite self-aware and reflective on the
methods she employs to learn new content. When asked about the use of models during an
interview, she stated:
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Let’s say if we never even had labs or visuals or anything—I just think, for me, I would
be hindered by that. Because, it’s just, when I see that stuff I come to realize that “OK,
that that’s what’s going on” because just seeing those diagrams pictured in your mind that
“Ok this is what happens in a real-life scenario.” And it helps you apply that to real life.
(Interview, lines 249-252).
Cameron. Cameron is a quiet young man who struggled to attain a score as high as the
class average on any of the chemistry unit tests during the semester. He was a junior at the time
of the study, and previously alternated between the college prep to honors level track of
coursework in math and English language arts during his high school career. Honors Chemistry
marked the first honors level science course in which Cameron has enrolled. Cameron
considered himself a tactile learner and enjoyed visual arts courses. While he did not participate
in competition-level extracurricular activities, he was a part of the multimedia class responsible
for producing the school’s daily news report. He was also a talented graphic artist. Cameron was
a decided follower in the chemistry lab. He was alert, yet did not ask questions and rarely
engaged those around him during class time. He was personable, but preferred to keep to
himself. He took copious notes during class and was always on task. He struggled in the course
throughout the school year, and finished with a D in the course just above the passing mark of
70. At the time of the study, he wanted to pursue a health sciences related field in college and
hoped to push himself by taking AP Environmental Science (APES) during his senior year to add
rigor to his transcript. APES would be Cameron’s second and final AP course during high school
after AP US History. Cameron considered himself to be aware of this cognitive abilities related
to the use of visual representations and chemical kinetics, and self-scored a 145 of 175 on the
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VRCKQ, two points lower than the most common score on the questionnaire. When asked about
models and modeling as methods for learning chemistry, Cameron contributed:
It’s more interesting to see a picture than to read. The visual is something that helps you
relate what’s going on, and however you make [the model] is your, like the way you see
it, and you can explain it better in your words (Interview, lines 28)
Taylor. The youngest of the interview participants, Taylor was also one of the youngest
students enrolled in the honors chemistry course. Taylor was a 15-year-old, male, sophomore
student at the time of the study. His was the lowest recorded score on the HFT, a 1 of 20, making
him the most field dependent student in the study. A self-described auditory learner, Taylor had
consistently been enrolled in advanced coursework throughout his high school career. He was on
track to complete eight AP courses by the time he graduates, two in science, one in mathematics,
two in English language arts, and three in social studies. Taylor was a hard working student who
finished the chemistry coursework with a 94 A average, a feat that keeps his all A average
throughout high school intact. He regularly sought out extra help outside of the regular class time
to have questions generated from his reading ahead in the textbook answered. He is a gifted
athlete, and has been a varsity tennis player since entering high school. Taylor was a very selfaware student. He knew his strengths and weaknesses when it comes to learning, and advocated
for himself to ensure he has the opportunity to fully understand the content under study. When
asked about creating his own conceptual models and learning chemistry from models, Taylor
stated:
Since it’s your own drawing, you can draw things out in the way that you see them… and
that makes it easier to explain to someone else. Like when you know what you are talking
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about as opposed to just the stock picture like that from the textbook which you may not
know what everything is (interview, lines 46-49).
Coding of Data. As detailed in chapter two, coding of artifacts began with coding for
aspects of metacognitive awareness, self-efficacy, and levels of representations participants
discussed or used within the context of answering questions. Codes and frequencies of the codes
that were ultimately used to create the essential themes for this portion of the study are provided
in Table 36.
Table 36 Frequencies of Thematic Statements and Essential Themes
Essential
Themes
Constructing
meaning
from models

Belief in
one’s self

Thematic Statement

Frequency

Exemplar Statement

Thinking about
knowledge

56

“…macroscopic would be the big idea of what’s going
on. It’s not the specifics of, like, the details like you
think of biology.”-Blakely

Thinking about how you
know something

59

“…because if someone was to explain something one
way then it might just click in your head and you can
understand it that same way…”
-Taylor

Usefulness of models

17

“…with the pop beads, too, with the different types of
motion we were doing… it made it harder or easier for
it-for the compounds to either collide together and make
a compound or break apart and make atoms
themselves”-Cameron

Level of representation
preference

39

“I liked the graphs a lot because you could tell, like, at
THIS point is where the reaction takes place and were it
occurs.”-Taylor

Self-efficacy

13

“Because I know for me, mathematics and science have
always been my strong suit, and um, the idea of visually
seeing something and kind of comprehending it and
making it my own really helps me.”-Blakely

Standing/level of
understanding compared
to others

8

“[Classmates level of knowledge is] either the same
level as me or maybe a little less. Because I know, um,
sometimes people will ask me ‘Ok. What the heck is
going on?’ And I have to explain it.”-Blakely

Hesitation/unsure

25

(evidenced by having long pauses prior to answering
interview questions/need to reword interview questions
before participants would/could answer)
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Coding that supported the essential theme of constructing meaning from models was very
reflective of the strategies and types of knowledge utilized in developing metacognitive awareness
and metacognition. Coding that elicited the essential theme of belief in one’s self resulted from
reading and rereading interviews with participants and reviewing observational notes from
participant’s interactions with others during the course of the study, and focused more on the
participant’s confidence in their own responses and ability to communicate with others in a
confident manner.
Presentation of Essential Themes. The essential theme of constructing meaning from
models revolves around the process of thinking about what happens in the classroom that affects
the learner’s ability to make sense of new knowledge and to understand it to a level that the concept
has been mastered. This is an essential theme in understanding the experience of the FD learner
with conceptual models because this learner population is often underrepresented in advanced
science courses. Constructing meaning from models merges all the aspect of knowledge of
cognition as well as the strategies that compose aspects of regulation of cognition. Thinking about
knowledge places the learner in a reflective mode about the use of models to help introduce, make
sense of, and learn new kinetics concepts. Blakely reflected on the opportunity to complete lab
experiments prior to instruction of content, a chance to work with models at the macroscopic level,
as informing her about her knowledge level when she said “afterwards you’ll just be like, ‘Ok, I
have that information in my head now. Now how do I apply it to the lab?’ and ‘How do I make
sense of it?’ (Interview, lines 206-207). Taylor suggested that models serve him as a tool to check
his understanding when he said “it was a nice supplement so that way if you didn’t understand,
like, written out something you can understand a picture or diagram” (interview, lines 161-162).
Cameron also found the information conveyed by models as supporting his ability to make sense
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of new information when he stated "it’s more interesting to see a picture than to read” (interview,
line 164).
Thinking about how you know something merges reflections on the ability of a specific
conceptual model to help the learner be assured of his level of understanding. Taylor’s preference
of symbolic representations was clearly articulated when he said “I liked the graphs a lot because
you could tell, like, at THIS point is where the reaction takes place and were it occurs” (interview,
lines 71-72). Cameron felt models he created led to his understanding of first-order kinetics when
he mentioned “using data points from the lab I was able to create graphs and compare them to the
graphs given for each type [i.e. order] of reaction” in his conclusions for the lab experiment.
Blakely touched on how each level of representation fostered her understanding by saying
especially with the activation charts because knowing . . . if you memorize those you’ll
understand “Ok, that’s my inhibitor and that’s my catalyst.” And the parts of the graph.
And, with the bleach lab, seeing the blue go away completely or getting lighter, you
understand that something is going on. And then with the pop beads, that helped a lot
cause you see that any type of motion—slow or fast, whatever—can help um, the reaction
go or not go at all (interview, lines 168-172).
Usefulness of models was a thematic statement that began to distinguish the FD learner’s
approach to information processing. Blakely reflected on her intentional use of different levels of
representation by saying
It depends on the situation for me. When I see a graph, I’ll definitely just say “Hey, this is
what’s going on. I’m going to look through that.” And with the questions that didn’t have
a graph I’d start to realize in my head “Ok, what’s it asking me?” Going back to what
we’ve learned and trying to apply it (interview, lines 91-94).
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Cameron cited the ability of an expressed model to communicate his internal conceptualization
when he indicated a model was “something that helps you relate what’s going on” (interview, line
28) and “however you make it is your, like the way you see it and you can explain it better in your
words. Than in someone else’s words” (interview, lines 54-55). Taylor also views models as a tool
for communication by stating
Like since it’s your own drawing, you can draw things out in the way that, like, you see
them or how you see stuff. And that makes it easier to explain to someone else. Like when
you know what you are talking about as opposed to just the stock picture like that from
which you may not know what everything is (interview, lines 46-49).
Level of representation preference thematic statements indicated that FD learners see
models at all levels of representation as useful, overall, and only selected a particular level of
representation when the situation warranted it. Both the bleach lab and Lego lab required students
to construct models that correlate with their understanding of the phenomena under study. All three
models constructed for the bleach lab contained aspects of both macroscopic and symbolic levels
of representation. Lab equipment and the laboratory set up were at the macroscopic level while
chemicals in the lab were represented with different shaped or differently shaded geometric
patterns. In advice to future teachers about using models to convey information, Blakely advocates
for using all levels of representation by saying “I would say try to vary what, uh, how you present
things because there are people in the class that don’t just go to one thing” (interview, lines 181182). Both Taylor and Cameron expressed interest in learning content through all levels of
representation, but indicated a preference for having the model provided in graphical form on
assessment items.
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The essential theme of belief in one’s self revolves around the FD learners’ thoughts about
their own abilities in chemistry, their thoughts about their classmates’ abilities, and their perception
of the quality of the instruction they received when learning with models. Learners enrolled in the
advanced chemistry courses that comprise the participant pool for this study generally view
themselves as successful students who are adaptable. Due to their experiences with past chemistry
concepts in previous units of study and their final grades for the fall portion of the course, those
enrolled in in honors, AP, or STEM AP chemistry at the time of this research study viewed
themselves as being capable of learning abstract chemistry concepts like those in the kinetics unit.
Coding for this essential theme was used to allow the reader to better understand the perspective
of the FD learner within a class where FN and FI learners were proven to be more successful on
assessments for content knowledge and conceptual understanding based on the quantitative aspects
of this research study.
FD learners’ self-efficacy was found to be high when the chance to learn with conceptual
models was discussed. Each was confident they could learn well through conceptual models. When
asked whether there was anything about teaching with models that the FD learner wished their
teachers knew to avoid or they wished the teacher wouldn’t do because it was confusing or caused
problems, Cameron replied “I don’t think there was anything that confused me” (interview, line
188). He also admitted to teaching others, further indicating his belief in his own abilities to
understand concepts through the process of modeling. Blakely self-identified as a leader for her
lab table and indicated that her role within the group was often to answer the other group members’
questions or explain concepts others did not understand when discussed in class.
Coding for self-efficacy led to coding for comparing one’s standing or level of
understanding with others in the class. Blakely rated her level of understanding of models to be as
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good as or better than her classmates and shared “I know sometimes people will ask me ‘Ok. What
the heck is going on?’ And I have to explain it. So it just depends on the person. Like some people
in my group that I talk to they understand it or are like ‘I’m lost.’… the idea of visually seeing
something and kind of comprehending it and making it my own really helps me” (interview, lines
145-147 and 155-156). Taylor sees himself at the same level as his classmates whom he regards as
quite capable when he stated “for the most part, everyone is pretty sharp and they kind of picked
up on their own as well” when asked about his and his classmates ability to master concepts
presented through models.
Thematic statements that further led the researcher to understand the FD learners’ belief in
self was developing through coding for hesitation or reluctance in answering questions, which can
also be thought of as the level of uncertainty when providing a response during the interview or in
work samples. Each of the three students interviewed showed hesitation in responding to interview
questions when asked to provide in depth details or examples about the use of specific levels of
representations. Each of these FD learners used the phrases I don’t know, the model doesn’t help
me, or something similar on the pretest administration of the CKMCT. Cameron also included
these phrases on the CKMCT posttest, indicating his uncertainty of the kinetics concepts addressed
by the CKMCT item, as well as how the model associated with the item helped to answer the
question. In the interview with Blakely, there were many instances where interview questions had
to be reworded or altered significantly before either student could formulate a response. One such
instance went like this:
Edwards: Ok. So continuing to think back about the kinetics unit, was there one of the
ways that we learned that helped you best?
Blakely: Um, . . . do you have any examples about like . . .
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Edwards: So, did you feel like the questions that were presented with graphs were easier
to answer? Or the questions about the collision theory where we have to have a certain
concentration and we have to have a certain activation energy, um, were any of those
easier in your mind to answer? Did any concept just come to you easier because of the
way the question was presented?
Blakely: It depends on the situation for me. When I see a graph, I’ll definitely just say
“Hey, this is what’s going on. I’m going to look through that.” And with the questions
that didn’t have a graph I’d start to realize in my head “Ok, what’s it asking me?” Going
back to what we’ve learned and trying to apply it.
and later:
Edwards: Good, good, good. That’s a good idea. Um, do you think that you classmates
know about the models we used in class better than, as well as, or to a lesser degree than
you did?
Blakely: Um . . .
Edwards: Sort of the class as a whole, then that little study group you work with?
Blakely: Um, either the same level as me or maybe a little less. Because I know, um,
sometimes people will ask me “Ok. What the heck is going on?” And I have to explain it.
So it just depends on the person. Like some people in my group that I talk to they
understand it or are like “I’m lost.”
Similarly, in the joint interview with Taylor and Cameron, the young men often provided one word
answers that were regarded by the researcher as examples of uncertainty with their ability to
explain their level of understanding. An example of this is provided below:
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Edwards: Do you feel better, the same, or not as good with your understanding of those
kinds of [vocabulary] words now that we’ve gone through this unit?
Cameron: Better.
Taylor: Better.
Edwards: Better? Much better. (both make an affirmative sound). So you feel more
informed?
When taken together, these instances of hesitation and uncertainty allowed the researcher to
conclude the FD learners’ ability to communicate their level of understanding was not equal to
their internal/unexpressed understanding on the kinetics concepts or the models used to convey
them.
Analysis
Data related to the participant’s metacognitive awareness and level of metacognition were
addressed in this portion of the research study, and were combined with coding schemes and a
phenomenological approach to better understand FD learner’s lived experience of learning
chemical kinetics through model-based instructional practices. Results of this analysis highlighted
the fact that students self-report their level of metacognitive awareness as being higher than their
work samples would otherwise support. Students are generally aware of what they do and do not
know when asked specific questions about chemical kinetics, as indicated by blank responses or
responses of “I don’t know,” “this model doesn’t help me,” or “I didn’t need a model to answer
this question” on the CKMCT. Students relied on declarative knowledge early in the unit of study
and used fact-based statements to support their rationale for selecting particular choices on the
CKMCT, but the use of procedural and conditional knowledge increased after the participants had
experience with the content and models that could be used with the content.
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Evidence that metacognitive awareness does not correlate with spatial ability or field
dependency supported the research literature, and helped explain why students with different
approaches to information processing could be equally successful when learning chemical kinetics
topics. It was the students’ ability to approach a learning event using these different strategies and
prior knowledge that enabled them to have a measure of success even when necessary concepts
are unknown to them.
FD learners who study chemical kinetics through model-based instruction experienced
opportunities for reflection on their own level of understanding, chances to evaluate their level of
understanding versus the level of their classmates, and to discuss the effectiveness of particular
conceptual models. The essential themes when considered individually, are merely observations
of FD learners’ actions and thoughts during a unit of study in a chemistry class. When taken
together, the essential themes offer the opportunity to better understand the lived experience of a
FD student when learning chemical kinetics through model-based instruction. Thinking about
knowledge, thinking about how you know something, the usefulness of models, and level of
representation preference are interwoven themes that all influence each other to help the FD
learner develop self-efficacy, and an understanding of their own standing/level of understanding
compared to others which is only negatively impacted if learners consider their level of
hesitation/uncertainty in responding to questions which most did not.
In-depth analysis of the experience of FD learners with model-based instructional
techniques suggested that FD learners have a positive attitude toward learning with models. FD
learners self-efficacy was high regardless the level or representation used to convey information.
Additionally, FD students seemed to be able to identify different ways in which each level of
representation positively affected their ability to learn about kinetics concepts. Beyond requesting
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symbolic representations in the form of graphs due to their perceived ease of use on assessments,
these three FD learners seemed to have no preference in whether macroscopic, symbolic, or
particulate models were utilized as teaching tools. In fact, FD students requested that future
teachers use a variety of models to support learning. As a whole, the experience of FD students
learning through model-based instructional methods was found to be beneficial for students’
development of metacognitive skills and belief in their own ability to be successful in chemistry.
Students’ responses and work samples provided evidence that model-based instructional methods
were appropriate for use with this often overlooked student population.
The findings from this portion of the study, when taken as a whole, indicate that current
instructional practices that utilize model-based techniques or labs and activities that include
questions that force students to explain their reasoning and rationale provide opportunities for
students to develop and utilize their metacognitive skills. Preservice and in-service teachers can
use questions that elicit information about a learner’s metacognitive awareness to inform their
instructional practices and to better understand when direct instruction on strategies linked to
metacognition are needed by the learner from the teacher.
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CHAPTER 6: DISCUSSION AND IMPLICATIONS
The overarching purpose of this study was to evaluate the use of model-based instruction
with regards to student achievement and metacognitive awareness when teaching advanced high
school students chemical kinetics. Specifically, the study was designed to test the effectiveness of
using conceptual models and model-based instructional practices with students who have differing
spatial abilities and information processing preferences based on field dependency. Students from
honors, AP, and STEM AP chemistry classes were selected for the study following completion of
consent and assent documents. In order to evaluate the use of conceptual models and model-based
instructional practices with different learner groups, it was first necessary to establish levels of
spatial ability and levels of field dependency within the participant group. Next, participants’
existing level of understanding of chemical kinetics topics was measured using both multiple
choice and constructed response items on a pretest to create a baseline from which growth could
be measured. Once this information was known, the research study was able to move forward
using both quantitative and qualitative methods. This chapter presents the conclusions,
implications, and recommendations that resulted from analysis of the study data.
Study participants were exposed to conceptual models at the macroscopic, symbolic, and
particulate levels of representation throughout the study in the context of learning chemical
kinetics. Participants were first tasked with answering nine multiple choice and constructed
response items in which kinetics content was depicted through models as a pretest, known as the
CKMCT, to assess their prior knowledge of chemical kinetics. Macroscopic representations were
utilized during a kinetics lab that focused on Beer’s Law and the disappearance of a colored food
dye. Symbolic representations were also present in the kinetics lab, as well as in an activity that
guided students through vocabulary and concepts related to activation energy and reaction energy
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diagrams. Lego® blocking blocks were used in a lab activity to facilitate participants’ use of
particulate representations. The posttest administration of the same multiple choice and
constructed response items was used to track changes in knowledge of chemical kinetics concepts,
as well as participants’ ability to explain their understanding of the skills, tasks, or processes
involved in answering questions related to chemical kinetics. Participants finished the study by
responding to a questionnaire about the use of levels of representations when learning kinetics,
and a few also participated in an interview about their experience. Participant responses to these
work samples, assessments, questionnaires, and interview responses formed the data set which was
collected and analyzed to address the research questions for this study, and ultimately, fulfill the
purpose of this study.
Summary of Findings
A total of four research questions were addressed by this study, each focusing on an aspect
of the learner’s abilities to use conceptual models to learn chemical kinetics. Major findings from
each of the questions are discussed in the following sections.
Research question one. Research question one was how do students’ level of spatial ability and/or
field dependency affect their score on a chemical kinetics content knowledge assessment? This
research question necessitated identifying characteristics about the population participating in the
study, specifically the level of field dependency and spatial ability of the study participants before
assessing content knowledge. Participant characteristics are important in this study as they serve
to highlight different skills and strengths and weaknesses learners possess that could impact
learning chemistry. Participants scores from the HFT ranged from a low score of 1 to a high score
of 32 (out of a possible 32) with a mean score of 17.05 (SD= 7.99), indicating that FD, FN, and FI
students were present in each of these advanced chemistry courses. These findings confirm the
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research literature which suggests that, within a given class, students will exhibit varying
approaches to learning and information processing preferences (Reiff, 1992; Witkin, et al., 1977),
and that these behaviors and critical thinking patterns are unique to the learner. The learner’s level
of field dependency results from the individual’s ability to use internal and external cues to
mentally organize information presented to them (Tinajero & Páramo, 1997). Data from this study
supported the notion that field dependency was a determining factor for success on the CKMCT.
Participants’ level of spatial ability was also assessed to gain further insight about types of
learners in the study. Scores for the PVROT ranged from a low score of 2 to a high score of 20
with a maximum score of 20 possible and indicated the group as a whole were of medium to high
spatial ability with a mean score value of 14.12 (SD= 4.16). Participants with high spatial abilities
were found to also be more field independent based on a Pearson correlation (r = 0.569, r = 0.324,
2

n = 112, p < 0.01). In terms of field dependency, research supports the conclusion that FI learners
are better able to restructure information presented in visual form and, therefore, are better able to
learn from visual representations than other learners can (Altun & Cakan, 2006; Angeli &
Valanides, 2004; Glicksohn & Kinberg, 2009; Johnstone, 2006; Tinajero & Páramo, 1997; Weisz,
O’Neill, & O’Neill, 1975). This finding also follows with research literature that a student’s spatial
ability highly correlates to achievement in science classes (Johnstone, 2006; Pallrand & Seeber,
1984; Bodner & Guay, 1997).
Student achievement was primarily determined by measuring correct responses (i.e. a
content knowledge measure) on the CKMCT as a whole and also when broken down by level of
representation used in the test item. Achievement was also analyzed by participant characteristics,
first for the whole group then by subgroups based on field dependency and spatial ability levels.
Content knowledge of the participant group as a whole was statistically significantly greater (p <
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0.005) from pretest (mean = 4.42, SD = 1.6) to posttest administration (mean = 6.1, SD = 1.5),
which aligns with research and educators’ observations that scores improve after supported,
sustained exposure to content, especially when modeling practices are employed as teaching
methods (Johnstone, 1991, 2006; Merritt & Krajcik, 2013; Ngai, Sevian & Talanquer, 2014;
Posthuma-Adams, 2014; Prilliman, 2014). When the CKMCT was subdivided based on
macroscopic, symbolic, and particulate level of representation used, participants as a whole group
showed nearly equal levels of improvement for each level of representation, meaning no one level
of representation stood out as responsible for the participants’ improved scores.
When analyses regarding content knowledge were repeated with subgroups based on
learner characteristics, a clearer picture emerged of which participants made greater gains in
content knowledge over the course of the study. Overall, spatial ability was deemed as an
insignificant learner characteristic when considering gains in content knowledge although field
dependency subgroups showed marked differences in ability to learn chemical kinetics. Even
though all field dependency groups recorded significantly different scores on content knowledge
from pretest to posttest administration, participants categorized as FI significantly outscored others
on both the pretest and posttest administrations of the CKMCT making them the most successful
group of students when learning chemical kinetics concepts. Although the gains in content
knowledge were statistically significant, FD students made the least gains during the course of the
study of any information processing preference group. These results align well with previous
research (Altun & Cakan, 2006; Angeli & Valanides, 2004; Glicksohn & Kinberg, 2009; Johnstone,
2006; Reiff, 1992; Witkins, et al., 1977; Weisz, O’Neill, & O’Neill, 1975) that states FI learners’
abilities to decode and find meaning in representations used to teach science are an advantage and
lead to increased academic success over learners without these abilities.
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Interestingly, there was no difference in performance on the CKMCT for different field
dependency groups when considering the level of representation used in the question prompt or in
the net gain score for participant subgroups, findings which have previously not been addressed in
research with these specific learner groups with this content. This means modeling with
macroscopic, symbolic, and particulate levels of representation is an equally successful technique
to use with all student groups regardless of spatial ability and field dependency level when studying
chemical kinetics. These results are in line with the research on the effectiveness of model-based
instruction (Calderón, et al., 2011; Coll & Lajium, 2011; De Jong, et al., 2013; Gilbert, 2004;
Janzen, 2008; Justi, 2009; Johnstone, 1993 Lee, 2005; Lee & Buxton, 2013), but are some of the
first to demonstrate success when utilized to teach kinetics concepts to different spatial ability and
field dependency groups.
Research question two. Research question two also evaluated student achievement in chemical
kinetics, this time from the perspective of the participants’ conceptual understanding. Research
question two was how do students’ level of spatial ability and/or field dependency relate to their
ability to explain concepts related to chemical kinetics? In whole group analysis, participants made
statistically significant improvement from pretest to posttest administration when responses to the
CKMCT were taken as a whole, and also when responses were scored by level of representation
used for each test item. Participants classified as low spatial ability and those identified as FD
scored significantly lower than other subgroups when considering conceptual understanding on
the pretest version of the CKMCT. In posttest administration, FD and FN participants were nearly
equally able to identify and use chemical kinetics concepts or mathematical constructs to support
their choice of answers on the CKMCT, while FI significantly outscored the other groups based
on information processing preferences, paralleling findings for content knowledge analysis.
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Similarly, participants in the highest spatial ability group outperformed other spatial ability groups
when measuring conceptual understanding on the posttest. Taken together, this information
supports the widely-expressed view that FI students and those with high spatial ability are the most
successful subgroup within a science class in terms of student achievement regardless of the
interventions used to support student learning and when measuring the student’s ability to select a
correct answer to a multiple-choice item or to explain how they knew to select a particular answer
choice (Altun & Cakan, 2006; Angeli & Valanides, 2004; Glicksohn & Kinberg, 2009; Johnstone,
2006; Reiff, 1992; Witkins, et al., 1977; Weisz, O’Neill, & O’Neill, 1975).
This portion of the study regarding participants’ level of conceptual understanding adds to
the field of research in two ways. First, it supplies an assessment tool and a coding scheme that
makes measuring this form of student achievement manageable within the context of daily
classroom instruction. Second, this portion of the study serves to enlighten educators as to the
varying thought processes, scientific concepts, and mathematical constructs students with differing
spatial abilities and information processing preferences use to decide on an answer items on an
assessment of chemical kinetics. Such information can be used to identify student lingering
misconceptions, discover the degree to which students’ progress toward mastery of chemical
kinetics concepts during a specific time frame, and learn more about students’ levels of
metacognitive awareness.
Research question three. Research question three centered around the effectiveness of
model-based instruction on student metacognitive awareness and asked what is the relationship
between scores on a chemical kinetics assessment and students’ metacognitive awareness related
to aspects of knowledge of cognition and regulation of cognition when learning chemical kinetics?
While both the CKMCT and VRCKQ were utilized as data sources for this question, the data
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collected from the CKMCT was considered a more accurate reflection of participants’
metacognitive awareness during and at the conclusion of the study. Of the three aspects of
knowledge of cognition and five aspects of regulation of cognition coded for, only the planning
strategy was missing from students’ responses. Responses detailing declarative knowledge,
procedural knowledge, and conditional knowledge were the most frequently used to support and
explain participants’ answer choices on the CKMCT. Fact-based responses involving only
declarative knowledge statements decreased from pretest to posttest administration as students
were able to incorporate their experiences with models and kinetics concepts to create explanations
on the posttest that more frequently illustrated conditional and procedural knowledge.
Inclusion of specific strategies that students used to regulate their thinking when answering
a CKMCT item were largely linked to information management strategies. These strategies helped
students process information more efficiently by allowing them to isolate important key details
from a graph or balanced equation that enabled students to answer the question asked. While
responses addressing comprehension monitoring and evaluation strategies were rarely present,
they are important for the teacher because they explained which prior knowledge students used to
make sense of the CKMCT item they were answering.
Information resulting from data analysis related to research question three is important to
the field because it offers new insight into how chemistry students work through the information,
conceptual models, and experiences in lessons to learn concepts related to chemical kinetics. These
insights are not currently present in the literature to any large degree for high school level students,
so the inclusion of this information is adding to the field of research. Additionally, this research
question necessitated the development of a completely new instrument, the VRCKQ, which can
help educators as well as students better understand the thought processes used in the process of
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learning. The VRCKQ is a new tool for measuring metacognitive awareness and identifying the
aspects of metacognition students use to learn chemical kinetics. While more work is needed to
refine and validate the instrument, the VRCKQ in its present form does allow students and teachers
to measure overall metacognitive awareness related to the use of models when studying kinetics.
Additionally, exposure to questions like those on the VRCKQ allow students to discover areas of
strength while introducing or reminding students of strategies to consider for increasing their
metacognitive awareness (Mokhtari & Reichard, 2002; Schraw & Dennison, 1994).
Second, paperwork associated with the experiments and activities used as treatments in the
study included questions that forced students to reflect on their own level of understanding and
how what they were doing in class was related to the conceptual model presented and/or the
concepts they were learning. Responses to these questions are considered a more informative
measure of metacognitive awareness because teachers are able to see which aspects of
metacognition students actually rely on to complete an assignment. Student responses describing
evaluation and comprehensive monitoring strategies also clue teachers into previous knowledge or
experiences students use to help make sense of the new ideas they are learning. Inclusion of
questions like these on assignments are the cognitive enterprises described by Flavell (1979) that
are needed for the development of metacognition skills.
Research question four. Research question four was what is the experience of learning
chemical kinetics through model-based instruction for a field dependent learner? Analysis of work
samples and interviews for aspects of metacognitive awareness and self-efficacy found that FD
learners have an overall positive attitude toward using model-based instruction to learn chemical
kinetics. FD learners viewed macroscopic, symbolic, and particulate levels of representation as
being equally useful in learning concepts and did not prefer any on level over the other. FD students
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found opportunities to work with and learn from other students to be a positive outcome of modelbased instruction and modeling practices, too. Overall, the results of analysis for question four
provide educators with a better understanding of how FD learners approach learning through
model-based instruction, while also providing insight into aspects of modeling the students find to
be particularly beneficial.
Conclusions
Findings for this study can be broken down into one of three major points: a) advanced
chemistry classes are more heterogeneous in terms of students abilities and information processing
preferences than once thought, b) a particular level of representation used to teach and assess is
less important than exposing students to the model in the first place, and c) model-based instruction
is a teaching method that offers both structured and authentic opportunities for learning chemical
kinetics while forcing students to reflect on their own understanding and the development of their
metacognitive skills. The heterogeneity of learners in this study is surprising for a few reasons.
First, chemistry in high school within the state of Georgia where the study was conducted is most
often an elective science course not required for graduation. As such, it follows that students who
enroll in an honors or AP level chemistry class have the desire to learn more about the subject and
feel they have the background knowledge and academic ability to be successful in the course.
Further, sequencing of chemistry as a course is most often left to the last few years of high school
so that students have ample time to develop the foundational science and mathematical knowledge
and critical thinking and problem solving skills needed to be successful in the course. Advanced
high school chemistry classes like those in this study should be populated by students with medium
to high spatial abilities and field independent information processing preferences based on who
researchers know to be successful in science classes. The presence of students with less developed
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spatial abilities and those who are more field dependent in advanced chemistry classes means that
strategies and methods used by the teacher should equally allow students to access the content and
that assessment practices should be fair for all learner groups.
A second major conclusion from this study arose from exploring student achievement when
differing levels of representation were used. Students of all spatial abilities and field dependency
designations were equally able to derive meaning from macroscopic, symbolic, and particulate
levels of representation after initial instruction related to vocabulary and characteristics associated
with each level. Student work samples and interview responses suggest that level of representation
preferred by the student is generally situational, meaning that students might present their own
model at a particular level but could easily and accurately interpret a model of the same content
from a different level. This conclusion is evidenced through responses to the blue dye lab where
students were tasked with illustrating the reaction they observed. Student responses included
illustrations at the macroscopic, symbolic, and particulate levels, and many included hybrid models
utilizing two or more levels of representation. In later questions involving data from the same
experiment, students were tasked with creating graphs and evaluating their graphs for rate order
when supplied with first, second, and zero order graphs. Students were able to navigate the
symbolic level of representation when determining rate order of the reaction they observed while
also communicating their observations through other levels of representation.
The quality of the models used and the ability of the teacher to help students learn from the
different levels during initial instruction was instrumental in student success. Once students were
enlightened to the importance of the details expressed or missing from a particular model, their
ability to accurately use that model and adapt it to new situations was greatly improved.
Additionally, once initial instruction was completed students were better able to agree on key
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components of the model and how those components related to the chemical kinetics content being
studied. This conclusion is evidenced most clearly through the increase in the use of procedural
knowledge and information management strategies when coding CKMCT constructed responses
for types of metacognition (see Table 32). Procedural knowledge responses were those which
explained the steps for solving a math problem or conducting a lab experiment, the procedure for
reading a graph, or other thought processes used to support the selection of a particular multiple
choice answer while those coded as information management strategies explained how the visual
representation facilitated organizing ideas or helped the learner selectively focus on some
important kinetics concept over others to arrive at an answer.
A final conclusion from this study involves the benefits of using model-based instruction
to teach chemical kinetics and also as a tool to improve students’ metacognitive skills. Modelbased instruction offers opportunities for both teacher-led and student-centered instruction so that
students are supported when necessary, but not constrained to having information dictated to them
from one source or from one type of visual aid. Creation of a conceptual model by expressing it to
others requires reflection and metacognitive monitoring by the student which forces them to make
sense of their own understanding of the concept. Once a model is expressed, students have a tool
by which they can evaluate their level understanding versus that of their classmates. Further,
teachers have a tangible tool from which they can detect misconceptions or use to enhance student
knowledge and conceptual understanding. Modeling practices also require that students use
declarative, procedural and conditional knowledge to determine which of several strategies are
appropriate for use with specific content and levels of representation. The ability to utilize modelbased instruction for learning both content knowledge and for developing metacognitive skills
makes this a very powerful strategy for teaching chemistry.
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Implications for Practice
Overall, this study offers many opportunities to inform the practice of chemistry educators
and those who prepare future chemistry teachers. Specifically, the study provides more information
about three factors that affect success in chemistry: the students enrolled in the course, students’
metacognitive awareness during the learning process, and the types of instruction used to teach.
Increased knowledge about any one of these factors could lead to changes in educators’ approaches
to teaching chemistry which would result in greater student achievement and conceptual
understanding of content. When these three factors are considered together, educators are able to
ensure students of all information processing preferences and spatial ability levels have equal
opportunities to learn and be successful when learning chemical kinetics.
First, this study provides more information about the characteristics of learners in
chemistry. Often educators assume classes at a pre-AP or AP-level are composed of intellectually
capable and motivated students who learn the same way, at the same rate, and equally master
content presented to them. In essence, educators believe that these classes are relatively
homogeneous in their makeup. This study supports the notion that pre-AP and AP-level classes are
composed of a heterogeneous learner population regarding information processing preferences and
spatial ability level, while at the same time also being equally intellectually capable and motivated.
Students within the same class respond differently to both the learning environment and the
methods by which content is presented (Altun & Cakan, 2006; Angeli & Valanides, 2004;
Glicksohn & Kinberg, 2009; Johnstone, 2006; Reiff, 1992; Witkins, et al., 1977; Weisz, O’Neill,
& O’Neill, 1975). This means that educators should strive to utilize instructional practices that
meet the needs of all the learners in the classroom. Strategies that use systematic, direct
instructional approaches to teach both chemical kinetics content and strategies for how to interpret
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conceptual models depicted in teaching materials are needed when addressing the preferences of
FD and FN students who derive meaning from personal interactions and “tend to accept percepts
or symbolic representations at face value” (Tinajero & Páramo, 1997, p. 199). This type of
practiced direct instruction is also crucial for those students with less developed spatial abilities
who cannot accurately apply “mental transformations such as rotation or reconfiguration to
existing spatial relations” (MacLeod, et al., 1986, p. 141) like those presented in class or via a
textbook illustration. Opportunities for inquiry-based or discovery learning that incorporates
models are equally necessary for the FN and FI students and those with higher levels of spatial
ability who are better able to restructure and make sense of information presented in graphical or
visual form over information communicated in a social setting (Evans, et al., 2013, Tinajero &
Páramo, 1997). These FN and FI learners are those students who would likely “tune out” an
educator who constantly lectures or uses direct instruction to provide all information presented
within a unit of study.
Additionally, educators might rely on the notion that prerequisite courses to chemistry,
students’ experiences in other science or math classes, or chronological age adequately instills
critical thinking and problem-solving skills in the learner or aid the learner in recognizing strengths
and weaknesses in their own ability to learn. These skills and recognition of strengths and
weaknesses are the student’s metacognitive awareness. Increased metacognitive awareness is
closely linked to increased academic success (Mokhtari & Reichard, 2002), which usually
translates to higher test scores and grades in the class, as well as a deeper understanding of the
content. Success with the current learning objectives and standards that are influenced by the
NGSS have been contextualized by the need for the learner to think and act like a scientist (College
Board, 2014; Georgia Standards of Excellence, 2016; NGSS, 2013). An article describing how

161

teachers should design lessons to meet the intent of these standards summarizes the goal of science
instruction:
Building core ideas, scientific and engineering practices, and crosscutting concepts across
time will support the development of scientific dispositions so that students know when
and how to seek and build knowledge. A scientific disposition will arm students with the
intellectual tools to ask questions such as ‘‘Hmm, what do I need to know?’’ ‘‘I wonder
if…’’ ‘‘How can I explain…’’ and ‘‘Do I have enough evidence to support my ideas?’’
(Krajcik, Codere, Dahsah, Bayer & Mun, 2014, p. 174).
Instruments like the VRCKQ offer an opportunity for educators to gain insight into the
metacognitive strategies students say they use, whether their work samples indicated they do or
not. Likewise, learners themselves can utilize the information provided by the VRCKQ to assess
their own practices and find out where their strengths and weaknesses lie. Scores across categories
on the VRCKQ highlight the strategies students are aware of and are using while low category
scores offer insight into strategies the teacher can develop further with the students.
Likert-scale surveys are not the only way to get students thinking about strategies they use
to learn new material. Simple instructional techniques like stopping lecture to provide time for
small group discussions or work on a question or problem enable learners to practice what they
are learning in the moment and forces them to engage in metacognitive strategies to come up with
an answer (Seymour, 2000). Instructional techniques directed at the individual learner like ticket
out the door, journaling, or jigsaw are structured, and also force students to engage in reflective
thinking which supports metacognitive awareness (DePaul, 2017). Questions regarding aspects of
planning, monitoring, sequencing, or evaluating one’s own understanding can be easily
incorporated to existing lab experiments or unit assessments (Tanner, 2012) which requires no
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change in teaching methods. Small group-based inquiry and discovery activities provide students
with authentic learning experiences that foster exploring their own level of understanding in
context with their peers and are activities where cognitive monitoring and self-questioning can
occur. Student responses to questions present in any of these methods can better inform both the
student and the teacher about the level of metacognition the learner engages in, and can influence
the educator’s teaching practices.
Beyond the more teacher-led instructional methods described above, conceptual modeling
as an instructional technique offers one of the most thorough ways to promote metacognitive
awareness in a more student-centered environment while also enabling students to learn chemistry
content. Modeling or model-based instruction offers the educator a chance to more accurately
know their students’ level of understanding and to identify student misconceptions (Coll & Lajium,
2011), while also facilitating students’ metacognitive awareness. Model-based instruction, when
used by an educator knowledgeable about the method, is more than using pictures, graphs, or
simulations to teach. The creation and presentation of an initial model that requires students to
objectively reflect on what they know and understand about a topic are often the first steps in
model-based instruction. From there, content is delivered by the teacher; supporting the needs of
the FD, FN, and low spatial ability students; or discovered through experimentation; which
supports the information processing preferences of the FI and some of the FN students along with
the student with high spatial ability. All students must monitor their progress all the while
implementing learning and organizational strategies to combat discrepancies or deficiencies they
realize exist in their own understanding. Then, students must evaluate and revise their work to
create a new model that better represents their new knowledge level about a topic. Once a
consensus about which characteristics a specific model should possess, students are often then
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directed to evaluate a similar model when conditions have changed, an activity that allows learners
to transfer learning from one context to another.
Model-based instructional practices are processes that includes many activities for
metacognition while also addressing the needs of the different learner populations within the same
class. Model-based instruction routinely requires an increased amount class time and
individualized support over traditional lecture-based or other teacher-centered methods to ensure
all students develop the skills needed to model accurately and effectively. It also requires an
educator who has the ability to recognize the “subtle and important aspects of models and modeling
during instruction [which] can lead to confusion” (Coll & Lajium, 2011, p. 12) for novice learners.
Such teacher qualities are often developed through extensive professional development once the
teacher has become experienced in the classroom setting. These opportunities for developing
modeling instructional practices routinely require extensive work with chemistry concepts while
also emphasizing pedagogical content knowledge (i.e. PCK). Additionally, opportunities for
novice teachers to explore models and modeling need to be provided as professional development.
Too often, novice teachers are mandated to attend professional development on topics related to
the unique needs of their school (i.e. gradebook program training, use of technology, etc.) that
while helpful in the day-to-day organization and management of a classroom are important, but do
not allow for development of the educator as a master at teaching chemistry.
Methods for developing PCK while also learning about models and modeling can be
facilitated by incorporating any of the following into education courses or chemical education
classes required by the teacher preparation program (De Jong, Van Driel, & Verloop, 2002, 2005;
Van Driel, Verloop, & de Vos, 1998):
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reading existing research on models and modeling in science to identify strategies
that work and to improve the educator’s PCK



evaluating textbook illustrations and diagrams for level of representation,
strengths and weaknesses, clarity, ease of use by students, etc.



analyzing student work samples to determine how students are interpreting the
models given to them or whether one particular level of representation is more
often used by students than others



developing lessons and units of study that utilize modeling, implementing those
lessons, and critically reflecting on student outcomes

In-service teachers with little modeling experience or weak PCK would also benefit from
professional development opportunities where these activities were demonstrated and explained
by experts in the field. Mentoring by these experts or others more experienced with modeling
would benefit both preservice and in-service teachers attempting to develop modeling strategies.
The time, effort, and forethought needed to create and support quality chemistry educators
who model are worth it, though, when considering the gains made by all students in this research
study in both content knowledge and conceptual understanding as a result of learning through
model-based instruction. Teachers who routinely utilize model-based instruction give students the
chance to develop skills that help them assess their own strategies for learning while also learning
skills needed to turn mental models into external, expressed ones that reflect a thorough
understanding of chemistry concepts. As students become more familiar with these skills and the
behaviors associated with modeling, the time commitment and need for direct instruction decreases
because learners have increased self-confidence about which strategies to use and their ability to
communicate their knowledge through models.
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Recommendations for Research
This research study focused on evaluating the effectiveness of using model-based
instructional practices to teach chemical kinetics in a high school chemistry setting. The results of
the study indicate that model-based instruction provides the support and exposure to content
students need to make statistically significant gains in both content knowledge and conceptual
understanding of chemical kinetics. While the design of the study was appropriate for this purpose
and abundant data was generated for analysis, additional opportunities for research do exist within
the framework of student achievement and metacognitive awareness.
The CKMCT in its present form serves to measure student content knowledge, student
conceptual understanding, and student metacognition. This instrument could be further studied for
construct validity and revised to more equally reflect conceptual models used to teach chemical
kinetics. For example, data collected from the CKMCT suggests that the low scores measured on
multiple choice item three were more likely the result of issues with mathematical concepts instead
of chemistry concepts. Replacing item three with a different multiple choice question could lead
to a more accurate measure of student content knowledge and/or conceptual understanding. Further
revisions to the CKMCT could be made so that multiple choice items more equally represent each
of Johnstone’s three levels. The CKMCT in its current form classified two questions as
macroscopic, six questions as representing the symbolic level, and two questions at the particulate
level.
Similarly, opportunities exist for further research with the VRCKQ used to measure
participant metacognitive awareness. The VRCKQ was created specifically for this research study,
and few instruments of this kind exist for chemistry topics. To address reliability and construct
validity, the VRCKQ was first piloted to respondents still enrolled in high school who previously
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were enrolled in honors or AP level chemistry classes. Modifications to wording, directions, and
some resequencing of questionnaire items occurred based on this convenience samples feedback.
When the VRCKQ was used with the participant group for this study, issues remained. Results of
an exploratory factor analysis point to the fact that sequencing could still be an issue on the
questionnaire. The VRCKQ should undergo further testing for reliability and validity. The
instrument should be administered to a larger population so that a confirmatory factor analysis is
possible. The confirmatory factor analysis could have been used to address validity of the
instrument, specifically as a construct validity measure because of the a priori hypothesis as to
how the questions should factor together based on the questionnaires from which the VKCKQ was
modeled (Mokhtari, & Reichard, 2002; Schraw & Dennison, 1994). The instrument could also be
validated for other use with undergraduate students or other age groups. Once reliability and
validity data is available the VRCKQ will provide both educators and learners with crucial
information that can positively affect learning outcomes when studying chemical kinetics.
A final area for further future research lies in the level of preparation of teachers at both
pre-service and in-service levels to correctly and effectively implement model-based instructional
methods in their classrooms. Teachers inexperienced with either common student populations or
with models or the modeling process often struggle to convey knowledge to students through
model-based instruction (Coll & Lajium, 2011). Likewise, those who use only one type of model
to convey meaning in science or who skip the steps of modeling that allow students to develop
metacognitive skills in favor of providing a completed model to students for use struggle with
using model-based instruction effectively in the classroom. Pinpointing whether the source of this
struggle is in the teacher’s own understanding of the concept being modeled (i.e. the scientific
epistemology), the particular assumptions surrounding the model in use, or “the nature and purpose
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of models and modeling in science” (Coll & Lajium, 2011, p. 13) or whether the issue is a result
of the teacher’s ability to communicate about models or use examples that are relevant to the
student is very important in evaluating model-based teaching preparation and practices. Findings
from studies about teachers’ level of knowledge and comfort with the macroscopic, symbolic, and
particulate levels of representation would serve to inform teacher preparation programs and those
in charge of professional development opportunities of where problems with effectively
implementing modeling practices and model-based instruction might arise. Moreover, findings
from case studies about teacher’s experiences in implementing teaching with modeling in their
classrooms would be beneficial to any educator who might be interested in these instructional
methods and the PCK they involve. Such studies could also provide insights as to how to remedy
the problems educators may have when adding modeling to their classroom instruction.
Limitations of the Study
There were a few major weaknesses with this research design. One concern is with regards
to the number of participants in the study. Chemistry is an elective course in the state of Georgia
and therefore, students who enjoy science and enjoy chemistry are most likely to end up

in the classes studied. Research supports the conclusion that a majority of students enrolled in this
study were on the field-independent end of the continuum for field-dependency. Since most of the
students also excel at mathematics classes, it was likely that they already have well developed
spatial abilities. Because of these factors, the number of FD and FN students or those with low
spatial abilities participating in this study may be too small to be significant. Additionally, the
students were high achievers who were willing to research outside of class when they do not
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understand a topic presented in class. Of major concern was that participants would utilize outside
resources to influence each other and cause the data to be skewed.
An additional concern was that the researcher was the teacher for all participants in the
study. Those participants enrolled in the AP and AP STEM courses learned chemistry from the
researcher throughout an entire school year. Many of the traditional AP students also received
instruction from the researcher for at least one semester during their Honors Chemistry course.
Likewise, many students who were enrolled in the Honors-level class received chemistry
instruction from only the researcher. Some of the traditional AP students and honors level students
did learn chemistry from a colleague for at least one semester of instruction. For the students for
whom I was their only chemistry teacher, I was also responsible for all their modeling instruction.
For those who learned some portion of chemistry from another teacher, modeling instruction may
or may not have occurred. All the chemistry teachers at this school have undergone extensive
training with models and modeling, but the researcher’s level of understanding and comfort with
modeling practices is more developed than their colleagues due to research for this study. All these
factors served to introduce bias to the study in the manner in which data was analyzed and possibly
to student responses on documents since participants may

have thought their grade in the course was linked to their response on the instruments used in the
study.
Since a portion of this research study was conducted through qualitative methods, the
researcher has also become an instrument in data analysis. Because of this, personal bias served as
an additional limitation to this study. This bias originates from several distinct sources. First, the
researcher played a dual role as the primary researcher of the study and the instructor for the
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courses from which participants are drawn for this study. There was bias in researcher’s perception
of the overall quality of instruction as well as a bias when considering the quality of the conceptual
models and activities I chose to present and use with the participants within the study. Additionally,
it was impossible to ensure all participants had no prior knowledge of modeling terminology or
experience as many of the participants were previously enrolled in courses where teachers received
professional development on how to implement model-based instructional practices in the physical
science, biology courses and/or first semester chemistry course that served as prerequisites for the
chemistry course participants later enrolled during this study.
Next, the researcher was recently a participant in a leadership training academy that
focused on fostering and embracing student voice to facilitate change in the school setting. Quaglia
and Corso (2014) contend students who have input into their learning environment were more
engaged, curious, and creative in their classes. Model-based instructional methods serve as an
avenue to developing and enhancing student voice within my classroom.
Furthermore, the researcher is a mother of a young child with visuospatial and processingbased learning disabilities, and therefore is more aware of learning opportunities, or lack thereof,
for students with these issues. It is believed that many teachers using model-based instructional
strategies have insufficient training and understanding of learners, the content, and the methods to
employ this strategy successfully within the classroom setting. This results in learners having
previous bad experiences with conceptual models and visual representations which will result in
their reluctance to embrace learning from this instructional method. Therefore, model-based
instruction may not the most effective approach to effectively teach all learners in science classes,
however one that does help to facilitate learning among field dependent learners.
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Appendix A
Student Assent to Participate
My name is Amanda Edwards. I am inviting you to be in a research study about using pictures, graphs,
drawings, formulae, and other representations (collectively referred to as models) to better understand how to
teach and learn concepts related to a chemical kinetics unit of study in Chemistry. Your parent has given
permission for you to be in this study, but you get to make the final choice. It is up to you whether you participate.
All students enrolled in the course will be taught lessons in this unit in the same way, meaning you will not
be asked to do any activity or assignment beyond what is assigned to all other students in the course should you
decide to participate in the study. Activities, labs, and homework assigned during this unit will seem “normal” to
you, and should be comparable to the workload of previous units of study in the class. If you decide to participate
in the study, this means that I simply have permission to use your answers to homework, labs, and/or assessment
items as data for future analysis.
Your privacy is very important to me in this study. When I tell other people what I learned in the study, I
will not tell them your name or the name of anyone else who took part in the research study. Additionally,
everything you say and do will remain private from those outside our classroom, and your parents will not be told
what you say or do while you are taking part in the study.
If anything in the study worries you or makes you uncomfortable, let me know and you can stop. No one
will be upset with you if you change your mind and decide not to participate. Additionally, you grade in the course
will not be affected if you chose not to participate in this study. You are free to ask questions regarding this study
at any time and you can talk to your parent any time you want. If you want to be in the study, print then sign your
name on the lines below:

___________________________ ____________________________________________ _____________
Child’s Name
Signature
Date
Check which of the following applies:



Child is capable of reading and understanding the assent form and has signed above as documentation of
assent to take part in this study.



Child is not capable of reading the assent form, but the information was verbally explained to him/her.
The child signed above as documentation of assent to take part in this study.

_____________________________________________
Signature of Person Obtaining Assent, Date
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Signed Consent
I agree and give my consent to participate in this research project. I understand that participation is voluntary and
that I may withdraw my consent at any time without penalty.
_____________________________________________
Printed Name of Participant

__________________________________________________
Signature of Participant or Authorized Representative, Date

___________________________________________________
Signature of Investigator, Date
______________________________________________________________________________
PLEASE SIGN BOTH COPIES OF THIS FORM, KEEP ONE AND RETURN THE OTHER TO THE INVESTIGATOR
Research at Kennesaw State University that involves human participants is carried out under the oversight of an
Institutional Review Board. Questions or problems regarding these activities should be addressed to the
Institutional Review Board, Kennesaw State University, 1000 Chastain Road, #0112, Kennesaw, GA 30144-5591,
(470) 578-2268.
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Appendix B
Signed Parental Consent Form
Title of Research Study: Investigating the Use of Macroscopic, Symbolic, and Particulate Representations
in a Chemical Kinetics Unit of Study in Advanced High School Chemistry Classes
Researcher's Contact Information:
Amanda D. Edwards, Ed. S.; Honors, AP, & STEM AP Chemistry teacher; Walton High School, Marietta, GA
amanda.edwards@cobbk12.org
(770) 578-3225 ext. 428
Introduction
Your child is being invited to take part in a research study conducted by Amanda D. Edwards, Ed. S., of
Walton High School for completion of the requirements for a doctoral degree from Kennesaw State University.
Before you decide to allow your child to participate in this study, you should read this form and ask questions if
you do not understand any aspect of the study.
Description of Project
Visual representations (i.e. graphs, illustrations, diagrams, and math equations, computer simulations,
etc.) are used to teach science through a range of techniques and methods referred to as conceptual model-based
instruction. Model-based instruction is considered to be a “best practice” by science education researchers and
teacher preparation institutions today. Because of this, representations are becoming more widely used in science
courses to aid in student understanding of concepts. In fact, the advanced science courses of AP Chemistry, AP
Biology, and AP Physics each have specific learning objectives that involve the creation, use, and/or evaluation of
model written into the course description from the College Board. Additionally, the new Georgia Standards of
Excellence in Science (implementing during the 2017-2018 school year) also require that science concepts are both
presented to students and used to assess students at the k-12 level through various types of visual
representations.
Overall, this study explores how the use of representations affects students’ content knowledge and
conceptual understanding of chemical kinetics in an advanced high school level Chemistry course, as well as how
students perceive specific models as helpful (or not) in their understanding of the content under study.
Explanation of Procedures
Regardless of participation in the research study described above, all students enrolled in the course will be
taught lessons during the Chemical Kinetics unit in the same way with the same visual representations, meaning
participating students will not be asked to do any activity or assignment beyond what is assigned to all others in
the course. Activities, labs, and homework assigned during this unit will seem “normal” to the students and similar
to lessons used in other Chemistry classrooms on Walton’s campus. Additionally, work for this unit should be
found comparable to the workload of previous units of study in the class. Should you decide to allow you child to
participate in the study, this means that I simply have permission to use his/her answers to homework, labs,
and/or assessment items as data for future analysis.

Part one of this procedure will take placed approximately three to six weeks before the unit of study.
During part one of this procedure, students will complete a series of five assessments. Three of the assessments
will be administered one time, and will be used to determine each student’s preference in learning (cognitive stylefield dependence) and ability to visualize structures in 3-dimensional space. These assessments will be used to
group students’ work during the unit for data analysis purposes only. Students will not be grouped based on these
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assessments at any time during their actual class meetings. The remaining two assessments administered to
students prior to the beginning of the unit will be used to assess what the student already knows about chemical
kinetics. The first of these two assessments is a 10 question multiple choice test regarding the topics of reaction
rate, rate law, and catalysis. A short answer question follows each multiple choice question, and allows the student
to explain how he/she rationalized the answered selected for that test item. The final assessment is 35 item
multiple choice test on the major concepts of the chemical kinetics unit. Both of the multiple choice-based
assessments will be administered a second time, at the conclusion of the unit of study (approximately three to six
weeks later) to determine student growth and achievement.
Additionally, the study will collect data from three specific lessons during the three week long unit: 1) a
laboratory experiment involving a color change called the “Reaction of Blue Food Dye with Bleach,” 2) a computerbased activity illustrating how catalysts work, and 3) an activity using LEGO blocks to simulate how particles
interact with each other during a chemical reaction. After participating in each in-class lesson, a classroom
discussion of the concepts under study will occur. Students will then complete a 10-15 item assessment on each of
the three topics represented by the lesson.
Students will be given a pseudonym for the purposes of this study.
Time Required
Students will complete assignments for this study during the normally scheduled class times, and as a part of
our normally scheduled homework. The duration of this research study will be approximately 3 weeks, which
corresponds to the time needed to complete the unit of study on Chemical Kinetics. This 3 week timeframe is
comparable to the time allotted to most other units of study in the course, and will not require significantly
different preparation time on the part of those participating in the study.
Risks or Discomforts
It is possible one may experience some minor discomfort participating in answering survey questions
related to which representations used in class significantly helped or hindered the student’s ability to learn
concepts related to kinetics. Measures will be taken to minimize any possible cause for discomfort in the form of
student selected lab and activity groups for participation; however, if such measures are deemed inadequate by
the participant, he or she may, at any point before or during the activity, ask to be reassigned to a different lab
group. No other foreseeable direct risks or discomforts are known to exist at this time.
Benefits
There are many possible benefits that can be identified with the results of this project. First, involvement
in this study and group discussions generated during the lessons can result in a better understanding of the
principles of chemistry representations for the individual participants. Second, analysis of the data could reveal
similarities in participant’s knowledge, understanding, and /or perceptions about the quality of the representations
used to teach students, any of which could lead to a clearer understanding of how chemical representations are
most effectively used in the classroom. The resulting data can be utilized by chemistry educators to modify or
adjust current teaching strategies based on the findings revealed in this study.
Compensation
Compensation for student participation in this project is limited to any class participation and grading
policy requirements the instructor has instituted. Please refer to any such requirements outlined in the syllabus for
this course. No monetary compensation is being offered for voluntary participation.
Confidentiality
The participant’s personal information will be kept confidential. All paper artifacts submitted by students
will be stored in a locking file cabinet in Mrs. Edwards’ classroom. Any digital copies will be stored on a secure
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computer and all identifiable information will be removed before publication or review by any non-project
member.
For confidentiality purposes, any document identifying participant’s pseudonyms will be kept in the same
secure manner as material described above, accessible and known solely by project members for the purpose of
accuracy in the analysis of data.
At the conclusion of this study, the researchers may publish their findings. Information will be presented
using pseudonyms or summary format so that participants will not be identified in any publications or
presentations.
Inclusion Criteria for Participation
Participants must be 14-18 years of age and currently enrolled in Honors Chemistry or AP level Chemistry
class at Walton High School in Marietta, Georgia.
Parental Consent to Participate
I give my consent for my child, __________________________________________________________, to
participate in the research project described above. I understand that this participation is voluntary and that I may
withdraw my consent at any time without penalty. I also understand that my child may withdraw his/her assent at
any time without penalty.

__________________________________________________
Signature of Parent or Authorized Representative, Date

__________________________________________________
Signature of Investigator, Date
______________________________________________________________________________
PLEASE SIGN BOTH COPIES OF THIS FORM, KEEP ONE AND RETURN THE OTHER TO THE INVESTIGATOR
Research at Kennesaw State University that involves human participants is carried out under the oversight of an
Institutional Review Board. Address questions or problems regarding these activities to the Institutional Review
Board, Kennesaw State University, 585 Cobb Avenue, KH3403, Kennesaw, GA 30144-5591, (470) 578-2268.
______________________________________________________________________________
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Appendix C
Correlation of Multiple Choice Assessment Questions with ACS Anchoring Concepts for
Chemical Kinetics
Anchoring
Concept

VII. Kinetics:
Chemical
changes have a
time scale over
which they
occur

IX.
Experiments,
Measurement,
and Data:
Chemistry is
generally
advanced via
experimental
observations

X.
Visualization:
Chemistry
constructs
meaning
interchangeably
at the
particulate and
macroscopic
levels.

Enduring Understandings addressed in the study

Assessed by Multiple choice item

A. Chemical change can be measured as a function of time and occurs over a
wide range of time scales.
B. Empirically derived rate laws summarize the dependence of reaction rates
on concentrations of reactants and temperature.
D. An elementary reaction requires that the reactants collide (interact) and have
both enough energy and appropriate orientation of colliding particles for the
reaction to occur.
E. Catalysis increases the rate of reaction and has important applications in a
number of subdisciplines of chemistry.
F. Reaction products can be influenced by controlling whether reaction rate or
reaction energy plays the key role in the mechanism.

Questions 1, 2, 3, 6, 9

E. Observations are verifiable, so experimental conditions, including
considerations of the representativeness of samples, must be considered for
experiments.

Questions 1, 2, 3, 4, 8

D. Quantitative reasoning within chemistry is often visualized and interpreted
graphically.

Questions 1, 3, 5, 6, 9
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Questions 1, 2, 3
Question 7
Questions 8, 9
Question 4, 5

Appendix D
Purdue Visualizations of Rotations Test
(Bodner & Guay, 1997)
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Appendix E
Chemical Kinetics Multiple Choice Test (CKMCT)
Name _________________________________
CKMCT Pretest/Posttest
Answer the following by placing the letter of the correct choice in the blank provided on your answer sheet. All questions have
only ONE correct response.

1. Source: Advanced Placement Chemistry 2016 Practice Exam

Question 30

© 2016 The College Board
Explain your answer by providing reasons to support the claims you are making.

macroscopic
symbolic

_____________________________________________________________________________________
_____________________________________________________________________________________
_____________________________________________________________________________________
_____________________________________________________________________________________
Identify a conceptual model or visual representation that helps you to answer this question. Explain how
this model helps you answer this question.
_____________________________________________________________________________________
_____________________________________________________________________________________
_____________________________________________________________________________________
_____________________________________________________________________________________
2. Source: American Chemical Society Chemistry Olympiad

Local Section
Question 25 (2014) by the ACS DivCHED Examinations Institute, Iowa State
University, Ames, IA.

Explain your answer by providing reasons to support the claims you are making.

symbolic

_____________________________________________________________________________________
_____________________________________________________________________________________
_____________________________________________________________________________________

How does the model provided in the question help you approach solving this problem?
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_____________________________________________________________________________________
_____________________________________________________________________________________
_____________________________________________________________________________________

3. Source: American Chemical Society Chemistry Olympiad

Local Section
Question 25 (2008) by the ACS DivCHED Examinations Institute, Iowa State
University, Ames, IA.

Explain your answer by providing reasons to support the claims you are making.

symbolic

_____________________________________________________________________________________
_____________________________________________________________________________________
_____________________________________________________________________________________
Consider the visual representation given for this question. Describe how this model helped you
understand the topic discussed in the question.
_____________________________________________________________________________________
_____________________________________________________________________________________
_____________________________________________________________________________________

4. Source: American Chemical Society Chemistry Olympiad

Local Section
Question 29 (2008) by the ACS DivCHED Examinations Institute, Iowa State
University, Ames, IA.

Explain your answer by providing reasons to support the claims you are making.

macroscopic

_____________________________________________________________________________________
_____________________________________________________________________________________
_____________________________________________________________________________________

Identify a conceptual model or visual representation that helps you to answer this question. Explain how
this model helps you answer this question.
_____________________________________________________________________________________
_____________________________________________________________________________________
_____________________________________________________________________________________

5. Source: American Chemical Society Chemistry Olympiad
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Local Section

Question 30 (2013) by the ACS DivCHED Examinations Institute, Iowa State
University, Ames, IA.
Explain your answer by providing reasons to support the claims you are making.

symbolic

_____________________________________________________________________________________
_____________________________________________________________________________________
_____________________________________________________________________________________

How does the model provided in the question help you approach solving this problem?
_____________________________________________________________________________________
_____________________________________________________________________________________
_____________________________________________________________________________________
_____________________________________________________________________________________

6.

Source: American Chemical Society Chemistry Olympiad National Exam-Part I
Question 28 (2014) by the ACS DivCHED Examinations Institute, Iowa State
University, Ames, IA.

Explain your answer by providing reasons to support the claims you are making.

symbolic

_____________________________________________________________________________________
_____________________________________________________________________________________
_____________________________________________________________________________________
Consider the visual representation given for this question. Describe how this model helped you
understand the topic discussed in the question.
_____________________________________________________________________________________
_____________________________________________________________________________________
_____________________________________________________________________________________
7. Source: American Chemical Society Chemistry Olympiad

Local Section
Question 28 (2009) by the ACS DivCHED Examinations Institute, Iowa State
University, Ames, IA.

Explain your answer by providing reasons to support the claims you are making.
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particulate

_____________________________________________________________________________________
_____________________________________________________________________________________
_____________________________________________________________________________________

Identify a conceptual model, mental model, or experience that helps you to answer this question.
Explain how this model helps you answer this question.
_____________________________________________________________________________________
_____________________________________________________________________________________
_____________________________________________________________________________________
_____________________________________________________________________________________

8.

Source: Advanced Placement Chemistry Exam 2013 Question 32
© 2013 The College Board

Explain your answer by providing reasons to support the claims you are making.

particulate

_____________________________________________________________________________________
_____________________________________________________________________________________
_____________________________________________________________________________________

How does the model/representation provided in the question help you approach solving this problem?
_____________________________________________________________________________________
_____________________________________________________________________________________
_____________________________________________________________________________________

9. Source: Advanced Placement Chemistry 2014 Practice Exam

Question 44

© 2014 The College Board
symbolic

Explain your answer by providing reasons to support the claims you are making.
_____________________________________________________________________________________
_____________________________________________________________________________________
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_____________________________________________________________________________________
_____________________________________________________________________________________
Consider the visual representation given for this question. Describe how this model helped you
understand the topic discussed in the question.
_____________________________________________________________________________________
_____________________________________________________________________________________
_____________________________________________________________________________________
_____________________________________________________________________________________
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Appendix F
LEGO Lab Experiment
(Edwards, 2015)
Adapted from “Understanding chemical reaction kinetics and equilibrium with interlocking
building blocks” by C. Cloonan, C. Nichol, & J. Hutchinson (2011). Copyright 2011 American
Chemical Society Publications.
Interlocking Toy Pieces and Chemical Reactions
With Particulate drawings

Name __________________________

LEGO building bricks and pop beads are both great physical models that can be used to illustrate the interactions
of molecules in chemical reactions. In this activity, a total of 50 pieces in two different colors will be used to
simulate three different types of reactions. Observations from this activity will be used to determine which
factor(s) affect reactants becoming products.
Student lab groups (3 participants) will be split into different jobs for all parts of this activity. For the first two
reactions, one student will act as the “assembler,” the person who makes new molecules, the “agitator,” the
person who ensures the pieces in the bin remain in constant motion, and the “timer,” the student responsible for
keeping the group within the suggested time limits. During the third reaction, the “timer” becomes the
“disassembler,” and the instructor will serve as the timer.

Part I. A Synthesis Reaction

This reaction will be simulated by following these procedures:
1.
2.
3.
4.

Round

Separate any combined colored bricks or Pop bead sets.
Count each individual color of bricks/beads. Adjust the number of each color present to 50 so that your
group works with 100 bricks/beads total.
Designate one color and “molecule A” and the other as “molecule B.” Record this color coding in Table
B.
Predict how many molecules your group can assemble during each round by completing table A below:

Table A: Predictions for Synthesis Reaction
How many molecules of product AB can my group assemble (Based on the previous column) How many individual atoms of
during these rounds? (Create a cumulative total)
A and B will be used during these rounds? (Create a cumulative
total)

1
2
3

5.
6.

Set up the activity by placing all the bricks/beads in the plastic bin.
Designate jobs among lab partners.
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For this activity, two different color bricks/beads will be assembled into one molecule. The Assembler will reach into
the bin removing a total of two bricks/beads, one in each hand. Molecules can be created only when the Assembler
picks up a block/bead of each color in a single attempt. (Picking up two bricks/beads of the same color means both
get immediately dropped back into the bin. Picking up an already assembled molecule means the molecule is
immediately dropped as well.)
7.
8.
Round

Once the Agitator begins to shake the plastic bin, the Timer should begin the 2 minute session by telling
the Assembler to begin.
After each two minute round, complete Table B.
Element A
Number lost

Table B: Results for Synthesis Reaction
Element B
Number remaining
Number lost
Number remaining

Molecule AB

1

2

3

General Observations:
(What did you notice? What helped or hindered forming products?)

Discuss the differences between your predictions and your actual results.

What factors might have led to your actual results that you did not think about when predicting?

Part A of this experiment investigates a synthesis reaction. Using this experience and your observations, construct a
particulate drawing for an actual synthesis reaction for the following balanced chemical equation.
H2 (g) + Br2 (l)  2 HBr (g)
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Part 2. A Decomposition Reaction
This reaction will be simulated by following these procedures:
1.
2.
3.

Round

Combine any separated colored bricks or Pop bead sets until no unassembled beads/bricks are left.
Using the same color designations as in Part I, record the total number of molecules in Table D.
Predict how many molecules your group can disassemble during each round by completing table C
below:

Table C: Predictions for Decomposition Reaction
How many molecules of AB can my group disassemble during (Based on the previous column) How many individual atoms of
these rounds? (Create a cumulative total)
A and B will be generated during these rounds? (Create a
cumulative total)

1
2
3

4.
5.

Set up the activity by placing all the bricks/beads in the plastic bin.
Designate jobs among lab partners.

For this activity, one molecule will be disassembled into two different color bricks/beads. The Disassembler will
reach into the bin removing a total of one molecule at a time. Molecules can then be disassembled, with both
components being immediately dropped back into the bin. Picking up any individual beads/bricks means these pieces
are immediately dropped as well.

1.
2.

Once the Agitator begins to shake the plastic bin, the Timer should begin the 2 minute session by telling
the Disassembler to begin.
After each two minute round, complete Table D.
Round

Molecule AB
Number lost

Table D: Results for Decomposition Reaction
Element A
Element B
Number
remaining

Number created

1

2

3

General Observations:
(What did you notice? What helped or hindered forming products?)
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Number created

Comparison to
Prediction

Discuss the differences between your predictions and your actual results.

What factors might have led to your actual results that you did not think about when predicting?

Part B of this experiment investigates a decomposition reaction. Using this experience and your observations,
describe at least two ways the following particulate drawing would need to be altered to accurately reflect the
decomposition of water molecules into its component elements.

217

Part III. Competing Reactions
This reaction will be simulated by following these procedures:
1.
2.
3.

Round

Separate some of the combined colored bricks or Pop bead sets. You should begin this part of the
experiment with a mixture of assembled and disassembled molecules.
Using the same color designations as in Part I, record the total number of molecules and free elements
in Table F.
Predict how many molecules your group can assemble as well as disassemble during each round by
completing table E below:
Table E: Predictions for Synthesis Reaction
How many molecules of product AB can my group How many molecules of product AB can my group
assemble during these rounds?
disassemble during these rounds?

1
2
3

4.
5.

Set up the activity by placing all the bricks/beads in the plastic bin.
Designate jobs among lab partners.

For this activity, two different color bricks/beads will be assembled into one molecule. The Assembler will reach into
the bin removing a total of two bricks/beads, one in each hand. Molecules can be created only when the Assembler
picks up a block/bead of each color in a single attempt (picking up two bricks/beads of the same color means both
get immediately dropped back into the bin. The Disassembler will reach into the bin removing a total of one
molecule. Molecules can be disassembled one at a time with both components being immediately dropped back
into the bin. Picking up any individual beads/bricks means these pieces are immediately dropped as well. The
instructor will serve as the timer for this round.
1.
2.
Round

Once the Agitator begins to shake the plastic bin, the instructor should begin the 2 minute session by
telling the Disassembler and Assembler to begin.
After each two minute round, complete Table F.
Element A
Amount
Amount
starting
ending
round
round

Table F: Results for Competing Reactions
Element B
Molecule AB
Comparison to Prediction
Amount Amount
Amount
Amount
Number of
Number of
starting
ending
starting
ending
elements
molecules
round
round
round
round

1

2

3

General Observations:
(What did you notice? What helped or hindered forming products?)
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Discuss the differences between your predictions and your actual results.

What factors might have led to your actual results that you did not think about when predicting?

Class Data Analysis
Examine the class data and observations, then explain any noted differences between your group’s results and those
of others. Why do you think your results compare this way with others’ data?

If possible, examine the class data and observations, then explain any noted differences in working with Legos vs.
Pop beads:
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Discuss a “real-world scenario” in which chemicals undergoing the same type reaction occur at different rates. Which
of the factor(s) you investigated in this experiment is the most likely reason for this difference?

a) Identify which part(s) of the procedures corresponds to the collisions in the diagram.

b) Based on your experience in this lab, explain the requirements/characteristics of both an ineffective collision
and an effective collision.
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Post-lab Questions:
1. Did your predictions match your observations? Why or why not? (Cite your data)

2. Was the reaction rate variable or constant? How could you tell? (Use your data to support your claim)

If your rate was variable, what did the rate depend upon? (Use your data to support your claim)

3. Was the synthesis or decomposition reaction faster? Why? (Use your data to support your claim)

What factors were important in establishing this reaction as being faster than the other? (Use your data to
support your claim)

4. How long does it take for the synthesis and decomposition reactions to go to “completion”? How does the time
to completion compare for synthesis and decomposition?

5. How does the use of the LEGO pieces/pop beads help you understand the factors needed for substances to
undergo chemical reactions.
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Appendix G
Using Visual Representations to Learn Chemical Kinetics Questionnaire
The purpose of this survey instrument is to reflect upon the skills and thought processes you used while evaluating the
diagrams, graphs, and other visual representations collected from lab experiments used in this unit of study. The data
compiled will aid your teachers in an ongoing process of program improvement.
NSTRUCTIONS: Consider each item separately and rate each item independently of all others. Circle the rating that indicates
the extent to which you agree with each statement. Please do not skip any rating.
5 = Strongly Agree or I always/almost always do this
4 = Generally Agree or I usually do this
3 = Neutral (acceptable) or I sometimes do this (about 50% of the time)
2 = Generally Disagree or I do this only occasionally
1 = Strongly Disagree or I never/almost never do this

NOTE: Several of the terms in this questionnaire may seem unfamiliar to you. The following descriptions are meant
to help you understand these terms.
macroscopic representation- any visual aid(s) derived from lab experiments or real-life experiences in the classroom related to a
topic under study
symbolic representation- any graph or mathematical-based equation used to explain a chemistry concept or topic
particulate diagram-any visual aid that involves dots, circles, Lewis structures, etc. that represent the atoms in a sample and
how those atoms might rearrange/change in the course of a chemical process
levels of representation-refers to any of three categories of visual aid that might be given to students; macroscopic, particulate,
and/or symbolic representations

Statement
GLOB

1

I have a purpose in mind when using graphs, equations, drawings, or lab
experiences related to the rate of a reaction.

5

4

3

2

1

2

I consistently make notations within the graphs & equations related to the
rate of a reaction as I review them.

5

4

3

2

1

5

4

3

2

1

5

4

3

2

1

3

4

I consistently make notations within the illustrations of laboratory equipment
set-ups related to the rate of a reaction as I review them.
I consistently make notations within the particulate diagrams related to the
rate of a reaction as I review them.

SUP-S

SUP-M
SUP-P

GLOB-M

5

I think about what I already know when I make observations during a lab
experiment.

5

4

3

2

1

6

When the text I am reading becomes difficult or confusing, I draw a
particulate diagram to help me understand what I am reading.

5

4

3

2

1

SUP-P
IMS

7

When the text I am reading becomes difficult or confusing, I draw a detailed
graph or create an equation to help me understand what I am reading.

5

4

3

2

1

SUP-S
IMS

8

I have a preference for how chemistry concepts are presented.

5

4

3

2

1

5

4

3

2

1

5

4

3

2

1

5

4

3

2

1

9

10

11

I think about whether the content of the available model fits my purposes.
I discuss particulate diagrams I create with others to check my own
understanding.

DK
GLOB
SUP-P

GLOB-S

I check to see if graphs I create are accurate.
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12
13

I check to see if observations I make in the lab are accurate.
I check to see if particulate diagrams I create are accurate.

5

4

3

2

1

5

4

3

2

1

5

4

3

2

1

GLOB-M
GLOB-P
PROB-S

14

When I view a graph, I try to connect variables and relationships in the graph
with what I already know.

15

I stop from time to time and think about the chemistry concepts associated
with the graph/drawing or equation/lab experience given in notes or
homework problems.

5

4

3

2

1

16

I examine any model provided with a test/quiz item slowly but carefully to be
sure I understand what I’m seeing.

5

4

3

2

1

17

When the text in a problem becomes difficult, I review the model given to
increase my understanding.

5

4

3

2

1

18

I try to guess the meaning of unknown details in a given model.

5

4

3

2

1

19

I am aware of the strategies I need to use to be able to interpret a graph or
diagram given in a problem.

5

4

3

2

1

20

I am aware of the strategies I need to use to be able to interpret a particulate
diagram given in a problem.

5

4

3

2

1

21

I am aware of the strategies I need to use to be able to link observations from
an experiment to the content being studied.

5

4

3

2

1

5

4

3

2

1

DK

5

4

3

2

1

DK

22
23

I am a good judge of how well I understand something.
I know what kind of information is most important to learn.

PROB

PROB

PROB

PK-S

PK-P

PK-M

CK

24

I know when using graphs & equations vs. drawings or lab experiences will be
most effective for my own learning.

5

4

3

2

1

25

I think about what I need to learn from a particulate diagram before I begin
examining it thoroughly.

5

4

3

2

1

26

I read supporting information about graph/diagram/equation before I begin
examining the graph/diagram/equation.

5

4

3

2

1

5

4

3

2

1

5

4

3

2

1

5

4

3

2

1

5

4

3

2

1

27

28

29
30

I think about what I need to learn from an equation or graph/diagram before
I begin examining it thoroughly.
I focus on the meaning and significance of new information provided by a
graph.
I focus on the meaning and significance of new information provided by a
particulate diagram.
I try to translate new information presented in a graph into my own words.

P-P

P-S

P-S
IMS-S

IMS-P

IMS-S
IMS-P

31

I try to translate any new information presented by a particulate diagram into
my own words.

5

4

3

2

1

32

I ask myself if what I’m observing in the lab is related to what I already know.

5

4

3

2

1

33

I know my strengths and weaknesses when relating content learning in the
laboratory with content presented in class/the text.

5

4

3

2

1

34

I know my strengths and weaknesses when relating content presented as
graphs or mathematical equations with content presented in class/the text.

5

4

3

2

1

35

I know my strengths and weaknesses when relating content presented as a
particulate diagram with content presented in class/the text.

5

4

3

2

1
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PROB

IMS-M
DK-M

DK-S

DK-P

Scoring Guide
Directions – Record your score for specific items on the following charts. Total the score of each category and place
in the box.

KNOWLEDGE ABOUT COGNITION
DECLARATIVE KNOWLEDGE DECLARATIVE KNOWLEDGE
-- The factual knowledge the learner needs before being
able to process or use critical thinking related to the topic 8. I have a preference for how chemistry concepts are
presented.
-- Knowing about, what, or that
22. I am a good judge of how well I understand something.
-- Knowledge of one’s skills, intellectual resources, and
abilities as a learner
23. I know what kind of information is most important to
-- Students can obtain knowledge through presentations,
learn.
demonstrations, discussions
33. I know my strengths and weaknesses when relating
PROCEDURAL KNOWLEDGE
content learning in the laboratory with content presented
-- The application of knowledge for the purposes of
in class/the text.
completing a procedure or process
34. I know my strengths and weaknesses when relating
-- Knowledge about how to implement learning
content
presented as graphs or mathematical equations
procedures (e.g. strategies)
with
content
presented in class/the text.
-- Requires students know the process as well as when to
35.
I
know
my
strengths and weaknesses when relating
apply process in various situations
content presented as a particulate diagram with content
-- Students can obtain knowledge through discovery,
presented in class/the text.
cooperative learning, and problem solving
CONDITIONAL KNOWLEDGE
-- The determination under what circumstances specific
processes or skills should transfer
-- Knowledge about when and why to use learning
procedures
-- Application of declarative and procedural knowledge
with certain conditions presented
-- Students can obtain knowledge through simulation
TOTAL

PROCEDURAL KNOWLEDGE

SCORE

19. I am aware of the strategies I need to use to
be able to interpret a graph or diagram given in a
problem.
20. I am aware of the strategies I need
to use to be able to interpret a particulate
diagram given in a problem.
21. I am aware of the strategies I need
to use to be able to link observations from an
experiment to the content being studied.

TOTAL

CONDITIONAL KNOWLEDGE

S
CORE

30
SCORE

24. I know when using graphs & equations vs. drawings or
lab experiences will be most effective for my own learning.

15

TOTAL
5
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REGULATION OF COGNITION

PLANNING
--Planning, goal setting, and allocating resources prior to
learning
INFORMATION MANAGEMENT STRATEGIES
--Skills and strategy sequences used to process information
more efficiently (e.g., organizing, elaborating, summarizing,
selective focusing)
GLOBAL READING STRATEGIES
--Assessment of the purpose of the information presented
--Requires students to set purpose for reading, activate prior
knowledge, make decisions in relation to what to read closely, use
context clues, and use other textual features to enhance
comprehension skills
PROBLEM-SOLVING STRATEGIES
--Strategies used to correct comprehension and performance
errors
--Requires students to read slowly and carefully, visualize
information read, and guess the meaning of unknown words or
visual aids
SUPPORT STRATEGIES
--Analysis of performance and strategy effectiveness during a
learning episode
--Requires students to take notes while reading, paraphrase
text information, revisit previously read information, ask
self-questions, and use reference materials as aids.

INFORMATION MANAGEMENT STRATEGIES
6. When the text I am reading becomes difficult
or confusing, I draw a particulate diagram to help
me understand what I am reading.

SCORE

7. When the text I am reading becomes difficult or
confusing, I draw a detailed graph or create an
equation to help me understand what I am
reading.
28. I focus on the meaning and significance of new
information provided by a graph.

PLANNING
25. I think about what I need to learn from a
particulate diagram before I begin examining
it thoroughly.
26. I read supporting information about
graph/diagram/equation before I begin
examining the graph/diagram/equation.
27. I think about what I need to learn from
an equation or graph/diagram before I begin
examining it thoroughly.

SCORE

15
TOTAL

GLOBAL READING STRATEGIES
1. I have a purpose in mind when using
graphs, equations,
drawings, or lab experiences related to
the rate of a
reaction.
5. I think about what I already know when I
make
observations during a lab experiment.

SCORE

9. I think about whether the content of the
available model
fits my purposes.
11. I check to see if graphs I create are
accurate.
12. I check to see if observations I make in
the lab are
accurate.
13. I check to see if particulate diagrams I
create are
accurate.

29. I focus on the meaning and significance of new
information provided by a particulate diagram.
30. I try to translate new information presented in
a graph into my own words.
31. I try to translate any new information
presented by a particulate diagram into my own
words.
32. I ask myself if what I’m observing in the lab is
related to what I already know.

35
TOTAL

30
TOTAL
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PROBLEM-SOLVING STRATEGIES
14. When I view a graph, I try to connect variables
and relationships in the graph with what I already
know.
15. I stop from time to time and think about the
chemistry concepts associated with the
graph/drawing or equation/lab experience given in
notes or homework problems.
16. I examine any model provided with a test/quiz
item slowly but carefully to be sure I understand
what I’m seeing.
17. When the text in a problem becomes difficult,
I review the model given to increase my
understanding.
18. I try to guess the meaning of unknown details
in a given model.

SCORE

SUPPORT READING STRATEGIES
2. I consistently make notations within the
graphs & equations related to the rate of a
reaction as I review them.
3. I consistently make notations within the
illustrations of laboratory equipment set-ups
related to the rate of a reaction as I review
them.
4. I consistently make notations within the
particulate diagrams related to the rate of a
reaction as I review them.
10. I discuss particulate diagrams I create
with others to check my own understanding.

5
TOTAL

6
TOTAL
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SCORE

Appendix H
Component Matrix for Exploratory Factor Analysis of VRCKQ Items
Numbers in each column with similar values indicate the individual question highly correlate to
each other. Items load to the factor for which their value is the highest or lowest.
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Appendix I
Path Diagrams for Confirmatory Factor Analysis using STATA software
A path diagrams for analyzing likely components measured by VRCKQ. Values presented on the
lines of the diagram indicate measurements of variance and covariance between factors.
Cronbach’s alpha measurements are also provided for constructs that have been deemed valid for
this instrument.
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* based on Exploratory Factor Analysis Results

229

* based on levels of representation as discussed by Cortes, Edwards, & Head
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Appendix J
Interview Protocol
Effectiveness of using Models to teach. . .
Thank you for agreeing to answer a few more questions for my regarding out kinetics unit
for a few weeks ago. I am collecting data to finish a research study for my doctoral degree
from Kennesaw State University. I want to ask you so specific questions that will help me
better understand how a student sitting in my class thinks about the models I use and how
much those models help you learn chemistry. Your answers to these questions in no way
affect your grade in the class. Your answers will help me to learn more about students’
perspective of learning, and that is very important to me. There are a total of 10 questions,
and I think it should take us about 15-20 minutes to get through the interview.
With your permission, I would like to record the audio of our conversation so I can make
sure I have an accurate record of your experience. Would that be ok with you?
Ok, let’s begin. . .
1. Explain a model that can be used in chemistry in your own words.
2. How does the ability to use a model (i.e. a picture, graph, diagram, etc.) allow you to
show others what you know about a concept in chemistry?
3. Think back on the kinetics unit. Was there a model that has helped you understand some
aspect of chemistry really well?
4. Describe that model and how/why it has helped your understanding so much.
5. Was there a model that really did not make sense to you or that you found really difficult
to use?
6. Was to more difficult to think about the rate of a reaction in terms of a lab experiment, a
graph or equation, or as a picture of how molecules and atoms interact to form products?
Can you tell me more about that?/Which was easiest for you to relate to the rate of
reaction?
7. Do you think that your classmates understood the models used in class better than, as
well as, or to a lesser degree than you did?
Why do you think that is?

231

8. How has the use of models in this class affected your ability to learn Kinetics? Explain
your answer and provide examples.
9. Is there anything you would really like me or your future teacher to know about how you
use models to help you learn?
10. Is there anything about teaching with models that you wish your teachers knew to avoid
or you wish they wouldn’t do because it was confusing or caused you problems?
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